
  

CZECH UNIVERSITY OF LIFE SCIENCES Prague (CZU) 

Faculty of Agrobiology, Food and Natural Resources 

Department of Plant Protection 

 

Controlled Atmospheres, Physical Disturbances and Repellents as Alternatives to Chemical     

Pesticides for Control of Stored Product Pests 

                                                     Doctoral dissertation thesis 

 

 

 

 

 

 

 

Author: Jawad Ali Shah 

Supervisor: prof. Ing. Pavel Ryšánek, CSc. 

Consultant: Ing. Václav Stejskal, Ph.D. 

 

 

Praha, 2022 

 

 

 

 



  

DECLARATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that the present dissertation work “Controlled Atmospheres, Physical Disturbances 

and Repellents as Alternatives to Chemical Pesticides for Control of Stored Product Pests❞ is my 

own research work and I have properly acknowledged all the sources of materials used in this 

dissertation. 

 

 

In Prague: 11.21.2022                                                                       Ing. Jawad Ali Shah 

 

 

 

 



  

 

ACKNOWLEDGEMENTS 

Words cannot express my gratitude to my Supervisor, Prof. Pavel Rysanek, for his support, kindness, 

trust, and hospitality. I also could not have undertaken this journey without the help of my Consultant Ing. 

Václav Stejskal, who provided me with space in their lab. Additionally, this endeavor would not be 

possible without the generous support of Dr. Tomas Vendl, knowledge, expertise, help, and friendship. It 

will not be fair not to acknowledge the help and support of Ing. Radek Aulický, Ph.D., for sharing his 

expertise and knowledge for the Modified atmosphere experiments. Thanks, should also go to the 

technicians of Crop Research Institute Šárka Matatkova and Bc. Zdeňka Hájková who helped me along 

during the experiments despite the language barrier. 

I am also grateful to my classmates, faculty, and workers of the Plant protection department. I dedicate 

my Ph.D. to my father, Late Fazal Dayan, and my teacher Late Dr. Sajjad Ahmad, whose dream was to 

see me with a Ph.D. title. I would be remiss in not mentioning my mother, sisters, brothers, nephews, and 

nieces. Their belief in me has kept my motivation and spirit high during this process.  

Thanks to all the old and new friends, those of a lifetime, and the latest discoveries, as their presence in 

my life, is vital. Among all, I want to thank Arshad Ali, Arshad Hayat, Waheed, Javed and Azam for 

embodying the qualities of a real friend and always finding a way to be right there where they are needed. 

Finally, I would like to thank Almighty Allah for letting me through all the difficulties and giving me the 

strength and patience to complete my dissertation. 



1  

TABLE   OF CONTENTS 

 
TABLE OF CONTENTS…………………………………………………………………. 1-2 

1.  INTRODUCTION……………………………………………………………..………  3 

1.2 The biology of insects used for this research is summarized as follows……………..…4 

1.3 Insects control measures…………………………………………………..…………… 10 

2. LITERATURE REVIEW………………………………………………………………12-20  

2.1 Controlled atmosphere………………………………………………………………..... 12-14 

2.2 Physical disintegration……………………………………………………………….… 14-17 

2.3 Botanical extracts as repellents………………………………………………………... 17-19 

3. HYPOTHESES & OBJECTIVES………………………………………………….… 20 

4. LIST OF PUBLISHED STUDIES………………………………………………….… 21-84 

4.1 Study 1: Control of stored agro-commodity pests Sitophilus granarius and  

Callosobruchus chinensis by nitrogen hypoxic atmospheres: laboratory and field  

validations……………………………………………………………………………….….22-40 

4.2 Study 2: Frass produced by the primary pest Rhyzopertha dominica supports the  

population growth of the secondary stored product pests Oryzaephilus surinamensis,  

Tribolium castaneum, and T. confusum……………………………………………………….….41-47 

4.3 Study 3: Effect of grain excavation damages by Sitophilus granarius on the  

Efficacy of grain protectant insecticides against Cryptolestes ferrugineus and 

 Tribolium castaneum……………………………………………………………………..………..48-56 

4.4 Study 4: Gel Carriers for Plant Extracts and Synthetic Pesticides in Rodent and  

Arthropod Pest Control: An Overview……………………………………………..……...57-74 

4.5 Biorational Control of Callosobruchus maculatus (Coleoptera: Bruchidae) in  

Stored Grains with Botanical Extracts………………………………………………..…...75-84 
 

5. SUMMARY & DISCUSSION…………………………………………………..…….85-90 

5.1 Nitrogen hypoxic atmospheres……………………………………………………...…85-87 

5.2 Physically disturbed/destructed kernels impact storage pests, biology, and control.....87-88 

 



2  

5.3 Botanical extracts as repellent………………………………………………………..89-90 

6 CONCLUSIONS……………………………………………………………..……… .91-92 

7 LIST OF USED LITERATURE……………………………………………..……... .93-107 



3  

 

1. INTRODUCTION 

Grains are the primary food source for people and farm animals globally, with production rising 

to approximately 7 million tons in 2014 (FAOSTATS, 2017). The world's most widely cultivated 

food crops are grains, including corn, wheat, and rice. Such crops frequently serve as the 

foundation for essential foods. According to the Organization for Food and Agriculture, cereals 

account for most of the estimated 1.3 billion tons of yearly food waste. The causes of the fall, 

which start with the initial reduction in agricultural production and ends with the ultimate drop in 

household consumption, are variable. Surprisingly, in the case of grains, food wastes are as 

significant in industrialized countries as they are in developing countries, but ultimately, in 

developed countries, over 40% of losses happen at the sales and user levels, commonly depicted 

as wasted food. In contrast, more than 40% of losses occur in developing countries' post-harvest 

and handling stages. (Gustavsson et al., 2011). 

Documented insect infestation in grain storage dates to 3000 BC, according to historical records 

and archaeological discoveries (Buckland, 1981). Since insects have the potential to destroy large 

quantities of food, especially when it is kept for an extended period, some precautions must be 

taken to discourage insect infestation (Pimentel, 1991). Pests (as a whole) represent health hazard 

when they are present in the commodity (Hubert et al., 2018). 

Severe losses are made by the insect pests on stored grains as well as to their products, across the 

globe (Talukder et al., 2004). Grains and pulses are at high risk of infiltration by a huge group of 

insects and pests of stored goods through their storehouse (Teshome and Tefera, 2011). Some 

moths (70 species) and beetles (more than 600 species) attack agricultural and animal-based 

stocked goods which causes quantitative as well as qualitative losses of these products (Eliopoulos, 

2019). In the overall production of stored grains, the yearly post-harvest losses vary from 10 to 

20% by various biotic factors (Phillips and Throne, 2010). When discussing emerging countries, 

the extent of certain insects created damages vary from 9 to 43% (Jacobson, 1982; Pimentel, 1991). 

Those regions with low moisture and high temperature are more fancied by the insect pests 

(Ghanem and Shamma, 2007). 
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Therefore, particular areas might experience more shocking events. A loss of 76 percent of maize 

kept without pesticide spraying occurred in Zimbabwean fields (Giga et al., 1991). Pests are 

present at every step of the industrial process. However, the storage period is the most critical and 

frequent point vulnerable to insect invasion (Riudavets, 2017). 

The agro-food sector takes into account over 1,500 insect species, 150 of which are serious pests, 

even though food production is progressively paying attention to high-quality standards (Hagstrum 

and Subramanyam 2009; Hagstrum and Phillips, 2017; White et al., 2011). In food sector, it is 

unacceptable to have live beetles, insect body pieces, or metabolic byproducts like webbings or 

feces (Athanassiou et al., 2017). Sadly, grain storage's optimum temperature and moisture provide 

a highly protected environment for pest infestations (Reichmuth, 2000). This allows certain 

organisms to disperse locally and globally through networks of cereal shipment and marketing 

(Nopsa et al., 2015). 

Beetle respiration rate may direct to a rise in cereal moisture level, which can result in fungal 

development and likely mycotoxin growth, decreasing the security and safety of the food. Beetles' 

feeding results in insect-damaged grains, frass, and subsequent weight loss (Birch, 1947; Gram et 

al., 2002; Vendl et al., 2022; Sinha and Sinha, 1992). 

Only 10-15 species are usually present in the stored grain (White et al., 2011). Weevils Sitophilus 

spp. (S. granarius, S. oryzae and S. zeamais), Rhyzopertha dominica, and Sitotroga cerealella 

cause significant cereal damage, not only since they are cosmopolitan organisms but mainly 

because they develop within the grain kernel until they emerge as adults, evading detection by 

conventional sampling techniques (Sola, 2018; Brader et al., 2002; Hubert et al., 2009). 

Aside from inside eaters, stored-grains moths are one of the worst problems in Europe's factories, 

warehouses, food processing facilities, and private residences (Parkin, 1956; Trematerra and 

Gentile, 2010). Moths lay eggs on the surface of the grains, and the emerging larvae grow primarily 

on the top 50 cm of the grain (Schöller et al., 1997). Moths produce a web that prevents the 

machine from properly grinding the material. 

1.2 The biology of the insects used for this research is summarized as follows. 

Rhyzopertha dominica: The lesser grain borer is well-known as the foremost damaging insect of 

stored grain goods as well as various other related starch-containing commodities across the globe 
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(Rao and Wilbur, 1972; Flinn and Hagstrum, 1994). India is the origin of the lesser grain borer 

(Schwardt, 1933).  Larval stages and adults can attack sound and healthy grains (Mayhew and 

Phillips, 1994). Adults of R. dominica are active fliers, long-lasting and females lay about 1 to 7 

eggs/day up to several months (Flinn and Hagstrum, 1994) and on average, roughly 200 to 500 

eggs are deposited by a female through its entire life (Begum and Huda, 1974). The female lays 

her eggs on the exposed surface of the wheat grains. Initially the hatched larvae feed on powdered 

wheat, and later they penetrate the entire grains because of their internal feeding habits and further 

pupate inside the grains (Rao and Wilbur, 1972). The adults stay within the grains for a few days 

after emergence (Flinn and Hagstrum 1994; Mayhew and Phillips, 1994). Rhyzopertha dominica 

remains identified as a primary pest or primary feeder because it develops inside whole grains and 

creates random shape holes through the boring (Aitken, 1975). Amongst all stored grains beetle 

pests, this is the only insect species whose grubs can sustain and grow in cereals at only 8% 

moisture contents of the grains (Birch, 1945). Adults of R. dominica feed upon the endosperm by 

reducing the grain carbohydrate contents while all larval stages favor feeding upon seed germ (Dal 

Bello et al., 2000). 

                                             

 

 Rhyzopertha dominica (Photo Credit: Vendl Tomas CRI, Prague) 
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Tribolium castaneum: The red flour beetle is distinguished from other Tribolium species by 

distinctive three-segmented club antennae. The space between the eyes and the area of the eyes (as 

seen from below) are equal. It is a member of Tenebrionidae family, the majority of which are 

saprophagous, and until now, about 80 species have been identified as pests of stored products 

(Hagstrum and Subramanyam, 2006). Eggs are arranged singly throughout the substrate and are 

typically covered with flour particles that stick to the gelatinous outer layer (Good, 1936). The 

larvae are white to yellowish and have distinct projections or spikes at the end of abdomen. Larvae 

feed on the flour and pass through six or more instars. Fresh pupae are yellow and turn into a coffee 

color when older. The male and female pupae can be differentiated by the presence of two small 

appendages on the abdomen of females. Although T. castaneum adults fly quickly in warm 

weather, the dissemination of this insect relies entirely on passive movement in trade. The red flour 

beetle is the most common of all stored grain beetles, a worldwide pest. Adults can live up to one 

year. In their lifespan, females produce hundreds of eggs. The red flour beetle is typically a 

supplementary pest of many different types of grains, breakfast cereals, legumes, oilseeds, cakes, 

nuts, and animal products. It is a very proficient omnivore that is especially prevalent in warm and 

dry circumstances. Quinones, which the adults secrete, leave behind a musty odor. 

The confused flour beetle is a kind of darkling beetle called Tribolium confusum. The name 

"confused" specifically relates to how it resembles the red flour beetle, not how it walks (Walter, 

1990). The species are tiny, reddish-brown, and their size ranges from 3-6 mm (1/8-1/4 inch). The 

shape of their antennae is the primary physical distinction between the T. castaneum and T. 

confusum. In contrast, the confused flour beetle's antennae steadily extend, while the red flour 

beetle has club composed of three antennal segments. Additionally, the confused flour beetles do 

not fly, while red flour beetles can fly. 
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Tribolium castaneum (Photo Credit: Vendl Tomas CRI, Prague) Tribolium confusum 

                                                      https://e-    insects.wageningenacademic.com/tribolium_confusum  

Oryzaephilus surinamensis: The saw-tooth grain beetle, O. surinamensis, belongs to the family 

Silvanidae, and is among the most abundant cereal and food pests globally (Champ and Dyte, 

1976). Due to its inability to harm whole grains, it is categorized as a secondary pest. However, 

this condition has altered due to mechanical challenges during harvest and drying, which result in 

shipping cracked and fragmented grain to warehouses, where this pest accumulate and produce 

severe infestation issues (Pricket et al., 1990). In storage facilities, it is challenging to control this 

insect with insecticides because it can hide in numerous locations and has developed resistance to 

many chemicals (Wallbank & Collins, 2003). Due to their global invasion of packaged foods, 

adults and larvae often devour wheat flour, cereal bars, feedstock, copra, nuts, and dried fruits 

(Highland, 1991; Mowery et al., 2002). Many grain storage facilities in Brazil are infested by the 

saw-toothed grain beetle, which results in grain quality and quantity losses and deterioration 

(Ahmed et al., 2022). 

 

 

 

 

 

 

 

 

Oryzaephilus surinamensis (Photo Credit: Vendl Tomas CRI, Prague) 
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Sitophilus granarius: is among different storehouse pests; that occurs more often and is an 

important pest of stored grain in Europe (Boniecki et al., 2020). This pest can be found across the 

world in temperate zones, but only in chilly upland places in tropical climates. By consuming 

cereal grains, this beetle reduces a grain's mass, nutritional value, and ability to germinate (Stejskal 

and Kucerova, 1996). During the winter season, adult hibernates inside the hole and cracks of the 

storage area or warehouse. The female makes a dip on the grain with their mandibles and places 

eggs in it, one egg in one grain. A female can produce up to 250–400 eggs in one season. In 6-7 

days after the egg hatch, the larvae begin boring into the whole grains. After the larval stage, they 

appear in a covering called puparium inside the grain. During the pupal stage, they stop eating. 

The pupal stage continues for 6 to 14 days after this adult emerges from the puparium. On 

emergence, the adult weevil passes out of the grain and lives for 4-5 months. The grain weevil 

completes 3-4 generations in a year. 

 

Sitophilus granarius (Photo Credit: Vendel Tomas CRI, Prague) 
 

Cryptolestes ferrugineus: belongs to the family Laemophloeidae, and the common name is rusty 

grain beetle. It has a wide geographic distribution that extends from the tropics to temperate areas. 

It is preadapted to live and breed in silos. Every day, females lay two to three eggs upon grain. The 

life cycle takes about 21 days, at 70% relative humidity and 35 °C (Smith, 1965). It has a 6 to 9 

months lifespan and an extreme resistance to freezing conditions when related to other stored-grain 

insects (Fields, 1992). Adults are the most cold-tolerant and able to withstand 15 °C for four weeks 

and stop movement below 2 (Smith, 1970). However, they favor the warm temperature and reach 

the warmer region of the grain bulk (Jian et al., 2004). 
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Cryptolestes ferrugineus (Photo Credit: Vendel Tomas CRI, Prague) 

 

Callosobruchus chinensis: Azuki bean weevil is a worldwide pest of legume seeds such as 

cowpea, mung bean, and azuki bean (Arora and Singh, 1970). Due to extensive studies of C. 

chinensis, it is considered a model organism for new research (Chen et al., 2007). Females deposit 

one egg at a time on top of suitable host seeds. The first instar larvae emerge from the egg after 

several days and dig through into the grain, which it nourishes until adulthood. In optimal 

conditions, adult Callosobruchus beetles only live for around 12 days and do not feed on stored 

goods. In this stage, females produce many eggs (up to 70 in C. chinensis); however, if the seeds 

are already infested, it may affect the oviposition (Chavan et al., 1997; Parr et al., 1998). The most 

economically important bruchid species has a relatively short life cycle. Under ideal 

circumstances, the lifecycle can take only 22-25 days.   

 

                Source: https://link.springer.com/chapter/10.1007/978-981-10-8687-8_10 
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1.3 Insect Control Measures: 

Since 1940, the preferred way to control insect pests has been chemical treatment using a variety 

of insecticides (Barratt et al., 2017; King et al., 1985; Van Lenteren, 2012; Zettler and Arthur, 

2000). But, due to limitations set by domestic consumers, the state, and importing nations, the 

supply of effective insecticides has significantly reduced (Niedermayer and Steidle, 2013; Parrella 

et al., 1992). Environmental issues, such as the presence of chemical remains in edibles, influence 

non-target organisms. Still, the most critical problem is that insects have developed resistance to 

most of the pesticides used to control stored grain pests. Besides the above concerns, it also affects 

the health of the food workers involved. (Zettler and Arthur, 2000; King et al., 1985). 

Pesticides can be divided into two categories: they are contact insecticides and fumigants. Among 

fumigants, methyl bromide, phosphine, or sulfuryl fluoride are three formulations that are 

frequently used. They immediately kill all stored product insect life stages in a structure or a 

commodity. The most common insecticide was methyl bromide. However, because of ozone layer 

depletion, it was restricted in developed nations starting in 2005 and most developing nations 

beginning in 2015(Sola, 2018). The most common fumigant in use worldwide is phosphine. 

However, the usage of this fumigant is restricted because of its high lethality and pest resistance 

(Hagstrum and Phillips, 2017; Phillips and Throne, 2010; Wilkin, 2000). 

Additionally, sulfuryl fluoride is only marketed in a few countries and is primarily used to disinfect 

structures. The most widely used contact insecticides in Europe are deltamethrin and 

chlorpyriphos-methyl. These are sprayed directly onto grain or buildings, providing several 

months of pest protection (Bell, 2000; Fields and White, 2002; Zettler and Arthur, 2000). 

The unavailability of insecticides and the emergence of insect resistance have motivated scientists 

to begin research on potential replacements. Phillips and Throne evaluated the alternatives for 

using pesticides in (2010). They divided them into methods for influencing the physical 

environment and practices for controlling biological products. The first involves cleaning the 

structure and keeping insects out, manipulating temperature and relative humidity or controlled 

atmosphere.  On the other hand, the biologically based approaches are divided into four categories: 

pheromones that attract insects; biopesticides or plant-based insecticides based on plant extracts 

that repel insects; resistance variates; and finally, the predators and parasitoids called natural 

enemies (Sola, 2018). 
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Controlling insect pests in storage and food factories needs a high grade of proficiency connected 

with knowledge and experience. Pest management plans should integrate various practical and 

cost-effective methods to prevent food contamination. These solutions must target immediate pest 

problems, avoid future infestations, and adapt to daily needs while remaining flexible enough to 

handle emergency pest control scenarios. Using insecticides judiciously for stored-product pest 

control techniques tends to prioritize non-chemical pest control components (Abdel-Aziz, 2011). 

 Ineffective pest control results in tainted items, which can have negative effects on one's health, 

finances, legal situation, and aesthetics.  

Financial losses may result from the following factors: 

1. The appearance of live or dead insect pests in goods and bins. 

2. The occurrence of smells, webbing, and frass in commodities and bins. 

3. The customer's loss of trust in the company resulted from these circumstances. 

4. Actual weight loss due to insect feeding can lead to economic losses. 

Considering the abovementioned concerns, the current research was carried out to discover a non-

chemical method of managing stored grain insect pests. According to the types of insects, the study 

is separated into three parts. Applying a modified or controlled environment is the first step in 

controlling internal grain feeders. The second step involves determining the impact of primary 

pests' physically disturbed/destructed kernels on the biology and control of the secondary pests. 

The third step involves determining the repellency effect of botanical extracts against the stored 

grains insects. 
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2. LITERATURE 

2.1 Modified atmosphere: The development of the designated gases (N2 or CO2) supplied from 

the pressurized tanks creates an altered gas composition that is intentionally created and 

maintained. Modified atmosphere (MA) offers a secure and environmentally friendly substitute 

for using usual residue-producing chemical fumigants for managing pest species invading stored 

cereals, oilseeds, packaged commodities, and grocery items. The use of a modified atmosphere to 

control stored grain insects has been studied for over three decades (Navarro, 2006). Insects 

contain a well-developed respiratory design that allows immediate air intake from the environment 

through spiracles. Insects regulate the inflow and outflow of respiratory gaseous exchange through 

the opening and closing of these spiracles. They use muscular contractions to ventilate their 

tracheal system (Matthews and White, 2011). During the process of respiration exchange of gases 

happens. The insects take the fumigants from the environment through the respiratory system 

factors that affect insect respiration and influence fumes uptake. Modifications in the 

concentrations of N2, O2, and further gas concentration can affect the respiration rate and therefore 

the rate and biochemistry of metabolism and, finally, the effectiveness of fumigants (Lu et al., 

2009). 

The losses caused by stored grain insects during storage need the application of various methods 

for their control (Gbaye and Odeyemi, 2005). During the recent past, the preservation of grains 

and other long-lasting agricultural products massively depends on pesticides to control the storage 

pests. The toxicity of these fumigants and insecticides to the environment, non-target organisms, 

and the development of resistance by insects restrict their application for stored grain pests (Flora 

et al., 2006; Nayak et al., 2020). The present trend and demand are the use of non-toxic control 

methods, which are safe for all the producer, consumer, and the environment (Donahaye et al., 

1996). The rise of this technique has addressed the concern of the public over the traces of chemical 

in food and the environment. Nitrogen application to prevent stored grain insects in storage under 

controlled or modified atmospheres is among the most effective non-toxic options for pesticides 

(Aulicky et al., 2017). The storage system must be air-tight and have no leakage for an effective 

result of the nitrogen-controlled atmosphere and ensure the constant concentration of nitrogen. The 

application of N2 controlled atmosphere also inhibits mold and maintains the nutritional value of 

stored grain (Moncini et al., 2020). Temperature directly affects the controlled atmosphere 
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treatment period. High temperature is more effective and needs less exposure length (Donahaye et 

al., 1996). A controlled atmosphere must be air-tight to hold oxygen concentration under 1%. As 

the concentration of oxygen increases, it may take more time to kill all the life stages of pests. 

With 2% oxygen hundred percent mortality was achieved in 20 days exposure (Navarro et al., 

2012) and with 1% or less oxygen in ten days (Aulicky et al., 2017). About 78% of nitrogen is 

available in the air and can be introduced to the chamber or controlled atmosphere area with the 

help of the nitrogen dynamos or pumps (Navarro et al., 2012). The level of oxygen worked in such 

an application is 1% or less (Jay and Cuff, 1981). Nitrogen treatment for controlling various 

development stages of Ephestia elutela, Tribolium confusum, and Oryzaephilus surinamensis was 

effective following increased temperature (Athanassiou et al., 2017). The atmospheric nitrogen 

can be used in different kinds of structures, varying from silos to chambers (Navarro, 2006, 2012). 

The use of nitrogen-controlled atmosphere gives many benefits, including financial and 

environmental. The insect/pest’s cultures do not develop resistance and are safe for application in 

silos because nitrogen does not react with metals. Eventually, there is no need for product 

registration and ventilation before marketing (Ren et al., 2012). The beginning acquisition in the 

construction or modification of a permanent warehouse creates CA costly, various prosperous 

applications are comprehended (Carvalho et al, 2012).  

There are two types of responses of insects to low oxygen levels: regulating and conforming 

(Hochachka, 1991; Makarieva et al., 2006). During the exposure, individuals in regulating type 

increase metabolism and consume a lot of nutrients to sustain the energy needed for standard 

processing. Conversely, the conforming class decreases energy, respiration, and carbohydrate 

consumption without using glycolytic pathways. Conforming organisms often tolerate prolonged 

low O2 exposure more than regulating species. However, damage repair mechanisms are necessary 

for hypoxia survival. Remediation processes occur continually in the regulating group and only 

after recovery to normoxic conditions in the conforming class. Insects' aerobic metabolism slows 

down in hypoxia (or anoxia), and research on the housefly Musca domestica has shown that this 

prevents rapid cold hardening (RCH) (Coulson and Bale, 1991). 

Similar findings were made by Nilson et al., (2006). They discovered that lack of oxygen contained 

no impact at quicker exposure duration but reduced rapid cold hardening in Drosophila 

melanogaster beyond 1 hour of exposure.  
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A non-lethal low-temperature "shock" part of RCH protects against five more deadly low-

temperature vulnerabilities (Lee et al., 1987). However, Yocum and Delinger (1994) discovered 

that RCH was not observed in anoxic settings in the flesh fly (Sarcophaga crassipalpis). In 

conclusion, gas conditions may impact how some species react to low-temperature stress. Low 

oxygen levels during 48 and 72 hours of exposure did not affect the number of egg masses, while 

2 and 5% oxygen had a negative effect on the total amount of oviposition. The lifetime 

reproductive output was significantly reduced when the exposure length expanded from 48 to 72 

hours. The exposure of the female and eggs to hypoxia reduced the number of mature offspring. It 

has been demonstrated that eggs laid in low oxygen conditions with extended exposure times have 

reduced adult emergence rates. These results suggest that hermetic environments hinder cowpea 

bruchids' capacity to lay eggs and produce healthy offspring (Yan Yan et al., 2016). 

T. castaneum adults, pupae, and larvae were treated for 72hrs with different levels of CO2 and N2 

at 27 °C with 50% relative humidity. In general, 58% CO2 was more efficient on pupae, whereas 

58% CO2 killed more adults than 99% N2. Although 99% N2 caused higher deaths after 48 hours, 

there was no noticeable difference in the death rates of larvae subjected to the two atmospheres. 

The variations in death rates for immature stages treated to 58% CO2 and 97% CO2 were minor, 

although 97% CO2 caused much greater adult mortality than 58% CO2. Weight loss and death 

were minimal once the beetles were introduced to a 91% N2 environment, while weight loss and 

mortality were significant when the beetles were introduced to a 97% CO2 atmosphere. When the 

weight reduction of insects exposed to 99% N2 and 58% CO2 was compared, the adult's weight 

loss was higher in the N2 environment. In contrast, pupal weight reduction was higher in the CO2 

atmosphere (Edward and Wilfred, 1981).  

According to the finding of the trials, nitrogen, controlled atmosphere application stands as a viable 

option for phosphine Siroflo/ECO2FUME and contact pesticides for controlling stored pests 

(Navarro et al., 2012). 

 

2.2 Physical disintegration: 

Based on cereal's damage pattern, insects that attack it are categorized into secondary and primary 

pests. Groups of arthropods (mites and insects) that feed outside and primarily harm the grain germ 

are called "secondary pests."Secondary pests can damage seeds in one of two ways: either by 



15  

simply eradicating the embryo from the exterior (as in the case of large species like Plodia spp., 

Ephestia spp., and Tribolium spp.) or by creating cavities in the germ (as in the case of microscopic 

arthropod species like mites and Cryptolestes spp.). Psocids often pierce the outer layer with tiny 

holes to reach the embryo, which they can then entirely eat (Kucerova 1999; Gautam et al., 2013). 

They might potentially cause additional harm to the germplasm based on how long and severe the 

infestations are. However, numerous secondary pests, such as beetles, mites, and psocids, prefer 

to consume broken kernels (Athanassiou et al., 2010). Internally eating insects that produce 

undetected infestations within kernels, such as Sitophilus species, Rhyzopertha dominica, bruchids 

and moths Sitotroga species, are the principal pests. In many situations, they only destroy the 

endosperm. Primary pests are largely accountable for damaged final cereal goods since they 

originate within the grains (Trematerra et al., 2011). Rodent chewing causes a definite form of 

grain damage in legumes and cereal grains that have been preserved for use as feed. According to 

Stejskal and Hubert (2008), primary pests instead of secondary pests are the focus of most chemical 

treatments used on publicly stored grains in the Czech Republic. 

 

On the other hand, enterprises that produce seeds have a different sense of the risk posed by 

primary and secondary pests. Both pest categories are equally important economically to these 

businesses, as secondary pests can severely affect the germination capacity of stored seeds. In 

recent years, it has become increasingly challenging to protect seeds from pests due to a surge in 

secondary pests around the planet (e.g., Arthur, 2012), a development in pest resistance, and a 

decrease in the active components in pesticides. Methyl bromide, organophosphate-based sprays, 

and dichlorvos vapor bands, which have since been prohibited in the European Union, are the three 

most common methods of seed treatment over pests. 

 

Sitophilus zeamais showed more attraction towards the insect-damaged kernel than the other 

two kernel groups. There was no clear differentiation in the attractiveness of unharmed versus 

manually broken kernels. The sequence of the grains' "attractiveness" to an adult S. zeamais was 

arthropod damaged and manually broken. While comparing newly manually broken and stored 

broken grains with freshly arthropod and stored arthropod damaged grains, significant differences 

in attractions to adult S. zeamais were discovered (Trematerra et al., 2000). 
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Even though these attractants' properties are typically well-studied, less information is available 

about the commodity's function, like an adjuvant (Landolt and Phillips, 1997). For example, an 

individual insect's activities may be influenced by the shape of certain grains. T. castaneum, T. 

confusum, and O. surinamensis attracted to wheat grains damaged by S. oryzae more than 

undamaged or manually broken grains (Trematerra et al., 2000).  However, storage may coincide 

with insect-damaged, cracked, and whole grains. One of the most important inquiries regarding 

this co-occurrence may be that some kernel-kernel interactions can control insect behavior, as 

Pickett et al., (2003) demonstrated for plant-plant interactions. For example, if insects damaged 

kernel (IDK) affects the "attractiveness" of entire grains, it would be beneficial to precisely 

comprehend the procedure. 

The host's attractivity may differ between the primary and secondary stored pests (Trematerra et 

al., 2000). Broken rice kernels in pheromone traps may attract rice weevils more strongly than 

unbroken grains, according to Trematerra et al., (1999). When a pheromone and an attractant are 

combined, there is a greater chance of seeing a colony with a diverse age group, which happens 

outdoors (Wakefield et al., 2005). A similar phenomenon occurs with maize weevils: after finding 

an excellent place to invade, individuals release an aggregation signal that attracts other members 

of the identical kind (Levinson et al., 1990). Additionally, the number of secretions or frass may 

boost the release of active substances from typical kernel components, such as the kernel's embryo 

or endosperm, that are incredibly appealing for S. oryzae. Further, broken grain provides the 

weevil better accessibility (Trematerra et al., 1999). 

 According to Trematerra et al., (2000), secondary pests are more attracted to the grains that are 

damaged by S. oryzae than to undamaged or manually broken kernels. Trematerra et al., (2007) 

got the same results for the S.  zeamais. Therefore, adult S. zeamais feed on kernels contaminated 

with semiochemicals produced from kernels of the exact species that were infested as adults. 

Because of this, huge numbers can quickly gather close to tiny infestations. According to these 

findings, the active semiochemicals produced from insect-damaged kernels may be markedly 

different from those from undamaged or manually broken grains.  

Many scientists investigated the relationship between grain and primary insects (Levinson and 

Kanaujia 1981; Stejskal and Kucerova, 1996; Steidle et al., 2005). The olfactory samples indicate 

that such relationships have a particular impact on controlling arthropod behavioral patterns in 
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stored goods (Estabrook and Yoder, 1998; Pickett et al., 2003). Damage from insects or 

mechanical damage affects other intact grains, directly impacting how infestations manifest in the 

stored grain ecosystem. Volatiles ingested during conditioning could trigger a reaction that alters 

the chemicals developed as a defense reaction. More research is required to investigate the 

signaling tracks activated in reaction to insects feeding on corn kernels and other factors of insect-

grain relations.   

  

2.3 Botanical Insecticides as repellents:  

There is currently a lot of interest to the researcher in the employment of novel conventional 

techniques of prevention against stored grain insects, mainly where botanical extracts are involved. 

The reason is that most insecticides and fumigants used against stored grain pests are banned, or 

the insect develops resistance. Botanical extracts are the most researched compounds (Dales, 1996; 

Bohinc et al., 2020). Although there are several studies on using plant extracts or whole plant 

materials for pest control, few of them are used commercially (Rajendran and Sriranjini, 2008). 

Whereas the history of utilizing botanical extracts have not been thoroughly documented, it is clear 

from various archaeological records that the usage of several botanicals for insect prevention in 

Europe extends back over three thousand years ago (Pavela, 2016). Grain silos were frequently 

fumigated with numerous phytochemical compounds in the roman Times. Additionally, fragrant 

herbs were placed close to the granaries' entrances. As a response, people became aware of the 

repellent properties of plant extracts (Dubey, 2011). It was discovered that nicotine derived from 

tobacco leaf could eradicate plum beetles in the seventeenth century, and this discovery led to the 

development of the first commercially plant pesticide. A brand-new botanical pesticide called 

rotenone was launched in 1850, prepared from the roots of the Derris plant (Abd El Ghany, 2012). 

Any continued development of commercially botanical insecticides was stopped in Europe. 

Following the Second World War, inexpensive pesticides replaced these botanical insecticides 

derived from organochlorines and organophosphates. (Ware and Whitacre, 2004).  

Chrysanthemum cinerariifolium flowers produce pyrethrin-based phytochemicals, mainly 

pesticides that quickly enter insect cuticles, particularly moths and larvae (Casida, 2012). Storage 

containers must be cleaned for maximum effectiveness before getting loaded with grains.  
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A pyrethrum-based insecticide widely used to minimize pest infestation in tropical and temperate 

climates (Dayan et al., 2009). Soluble or dry harvests, granules, liquid, volatile compounds, oils, 

or crushed pieces of plants can be used as a botanical insecticide (Rajashekar et al., 2016; 

Rajashekar et al, 2012). 

According to Jacobson (1982), botanical pesticides can be divided into six categories based on the 

physiological action of insects, i.e., antifeedants, attractants, repellents, chemosterilants, toxicants, 

and growth retardants. 

Antifeedants, also known as "feeding deterrents," are substances that prevent or inhibit insect 

eating by making the treated items unpleasant (Munakata, 1997). Gaultheria procumbens essential 

oil worked as an antifeedant for S. oryzae and R. dominica (Kiran and Parkash, 2015). 

The substances used in insect repellent are beneficial because they protect while having no adverse 

effect on the environment. By activating olfactory or other senses, the repellents repulse the insect 

pest from the treated substances. Insect pests attacking stored grain have been repelled by extracts, 

granules, and oils from various plants (Owusu, 2001; Xie et al., 1995; Boeke et al., 2003). For 

example, T. castaneum and C. maculatus were observed to be repulsed by the oil of Artemisia 

annua (Tripathi et al, 2000). A wide range of plant derivatives is poisonous to insects that feed on 

stored-product food, according to findings from around the globe (Rajendran and Sriranjini, 2008; 

Dubey et al., 2010; Park et al., 2003; Isman, 2006). According to Talukder and Howse, (1995) 43 

plants possess toxicant impact against several species of stored-grain insects. In Spain, Pascual-

Villalobos and Robledo (1998) investigated botanical extracts of 50 wild plants for their efficacy 

in killing the Tribolium castaneum. Four species were discovered as potential: Asphodelus 

fistulosus, Bellardia trixago, Senecio lopezii, and Anabasis hispanica. The oil from garlic contains 

toxicants and fumigants effects on T. castaneum (Huang et al., 2000). The neem plant, mainly the 

crushed fruit, leaf, oil, and ground fruit, was used to save stored cereals from insects (Talukder et 

al, 2004; Jotwani and Sircar, 1965; Devi and Mohandas, 1982). At a 1 to 2% concentration, seed 

dust and neem oil provided significant cereal protection from S. oryzae, T. cataneum, R. dominica, 

and C. chinensis (Pereira and Wohlgemuth, 1982). The neem oil applied to the kernel creates a 

uniform layer about the grains protecting them for 180-330 days from insect infestation (Ahmed, 

1994). The grain treated with particles of Mesua ferrea, Acorus calamus, and Rauvolfia serpentina 

served as grain protectants from the R. dominica (Tiwari, 1994). Orange peel contains some 
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elements that work as grain protectants against Callosobruchus maculatus (Don-Pedro, 1985). 

Applying coconut oil at the rate of 1% to Vigna radiata keeps C. chinensis away for six months 

from stored seeds (Doharey et al., 1990). Menthol formulation was found to be effective in 

controlling C. chinensis in pulse grain (Singh and Mehta, 2010). Forty-three plant species were 

listed as having the power to prevent reproduction in the stored grain insects. Additionally, studies 

have found that natural compounds, such as plant oils, kill insect ova (Obeng-Ofori and 

Reichmuth, 1998). It was discovered by Pankey et al., (2004) that garlic oil, Eucalyptus globulus, 

E. stageriana, and E. citriodora (Talukder, 2006) might reduce egg laying capacity and offspring 

production in T. castaneum, C. maculatus, and Zabrotes subfaciatus. 

Botanical extracts contain some chemicals that work as repellents, which means keeping the 

treated product or grain unattractive and repulsive to the insect. Repellents are particularly more 

effective at inducing different species of insects to escape from sprayed grains. Baccharis 

salicifolia and Curcuma longa possessed some chemicals which can repel S. zeamais and T. 

castaneum from the treated grains (Pavela, 2005; Tiwari et al., 1995).  
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3. Hypotheses and Objectives/Goals 

3.1 Hypotheses the methodology includes three different hypotheses.  

1. Decreasing nitrogen concentration and temperature will increase the length of exposure hypoxic 

atmosphere (to be 100% effective) differentially in various stored product pest species and their 

developmental stages.  

2. The effect of the physical disintegration of grain by primary stored product pests associated with 

frass production can positively affect the development of various species of secondary stored 

product pests.  

3. There exist botanical extracts that will be repellent for main stored product beetle pests for at 

least 48 hrs. 

3.2 Objectives/Goals  

1. Validation of the effects of abiotic factors on the effectiveness of controlled anoxic/hypoxic 

atmospheres with respect to the use against selected types of storage pests.  

2. Analysis of the effects of intact grain feeding activity of the primary Coleoptera stored product 

pests on the biology of various species of secondary stored product Coleoptera pests.  

3. Verification of repellent properties of botanicals to storage pests to protect small volumes of 

stored commodities at the level of smaller farmers and small food production companies. 
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4. LIST OF STUDIES 

1. Control of stored agro-commodity pests Sitophilus granarius and Callosobruchus chinensis by 

nitrogen hypoxic atmospheres: laboratory and field validations. 

2. Frass produced by the primary pest Rhyzopertha dominica supports the population growth of 

the secondary stored product pests Oryzaephilus surinamensis, Tribolium castaneum, and T. 

confusum. 

3. Effect of grain excavation damages by Sitophilus granarius on the efficacy of grain protectant 

insecticides against Cryptolestes ferrugineus and Tribolium castaneum. 

4. Gel Carriers for Plant Extracts and Synthetic Pesticides in Rodent and Arthropod Pest Control: 

An Overview. 

5. Biorational Control of Callosobruchus maculatus (Coleoptera: Bruchidae) in Stored Grains with 

Botanical Extracts. 
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Control of Stored Agro-Commodity Pests Sitophilus granarius 
and Callosobruchus chinensis by Nitrogen Hypoxic  
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Abstract: Given the complexity of the practical usage of controlled atmospheres for the protection 
of agro-commodities, several researchers have pointed out that there is not enough robust scientific 
documentation regarding the usage of inert gases for their widespread practical application. There-
fore, this work evaluated various regimes of hypoxic and anoxic nitrogen atmospheres for the con-
trol of two key stored-product pests, in laboratory and under field conditions in silos. Sitophilus 
granarius and Callosobruchus chinensis were selected as the tested species since they are important 
pests of grain/rice or legumes in Europe and Asia. Under laboratory conditions, we tested nitrogen 
(N2) concentrations (from 95 to 100%) and exposure times (1–20 days) on the developmental stages 
of both pest species. In most developmental stages of S. granarius and C. chinensis, the shortest ef-
fective exposure was found for nitrogen concentration of 99%. Based on our laboratory tests, vali-
dation studies were subsequently carried out in semi-hermetic steel silos (25t) using continuous 
nitrogen saturation by on-site built swing pressure generators. It was found that a full control of all 
stages of S. granarius and C. chinensis was achieved in 11 days of nitrogen exposure, using concen-
trations ranging above 99% and below 100%. Our work shows that hypoxic nitrogen treatment can 
be effectively achieved in small steel silos under proper technological and environmental condi-
tions. 

Keywords: integrated pest management; controlled atmospheres; modified atmospheres; anoxia; 
hypoxia; stored product pests; phyto-sanitary treatment 
 

1. Introduction 
Storage arthropods can cause multiple types of damage to agro-commodities during 

their storage [1], import and export [2]. Storage pests are also able to invade and spoil 
processed and packaged food [3–5]. In addition to economic quality damage, the infesta-
tion of commodities and processed foods by storage insects and mites is a problem in 
terms of their contamination of food with allergens [6,7]. Currently, storage pest risks are 
also increasing due to climatic temperature changes [8]. Another risk factor for effective 
pest control is the increasing resistance to phosphine, that is currently the most frequently 
used fumigant at a global scale [9–11]. The use of low temperatures [12], liquid nitrogen 
as freezing agents [13], alternative fumigants, ozone, or inert gases, are proposed as solu-
tions [14,15]. In terms of societal requirements for residue-free exposure to products, yet 
effective pest control effects, inert gases and anoxic/hypoxic atmospheres are among the 
most promising [16,17]. Controlled atmospheres aim at creating a low-oxygen (hypoxia) 
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or zero-oxygen (anoxia) environment that is lethal to pest insects and mites. Anoxic and 
hypoxic atmospheres, as eco-friendly pest control solution, can be applied using different 
procedures or technologies in various types of stores and chambers [15,17,18], or com-
modity and food packaging [19–21]. Some types of anoxic and hypoxic atmospheres not 
only control pests, but they also may maintain the quality of the products [22,23]. The 
physiological effects of inert gases are in many aspects different from most other gaseous 
insecticides [24–26]. Thus, in addition to the ecological aspects, an advantage of inert gases 
is their effective action on pest populations that are already resistant to traditional insec-
ticides. For example, Sakka et al. [27] and Agrafioti et al. [9], have recently demonstrated 
the high potential of hypoxic atmospheres to control populations of a number of phos-
phine-resistant storage pest species. In addition, controlled atmospheres are starting to be 
component of phyto-sanitary and phyto-quarantine treatment strategies [28,29]. 

Despite the above advantages of inert gases and controlled anoxic atmospheres, their 
use in practice may not be entirely straightforward, both from a technical and biological 
point of view. Regarding inert gases, and nitrogen in particular, a limited number of la-
boratory studies and practical applications are available. They describe their use in gas-
tight chambers, laboratory experimental facilities and field stores and silos [30–37]. These 
works show the significant influence of different types of storage and the exposure re-
gimes of inert gases, with respect to their effectiveness on different storage arthropod pest-
species [38]. Commenting on the biological efficacy of anoxic atmospheres, Bailey and 
Banks [39] noted that the contemporary literature is apparently conflicting on the relative 
susceptibilities of various species, and the relative speed of action of N2-oxygen or CO2-
oxygen mixtures. Even the more recent study by Liu [26] confirmed that there were con-
siderable differences between stored product insect species and stages in susceptibility to 
low oxygen treatment. Not only pest species, but also various life stages of storage pests, 
may respond differently in terms of their susceptibility to various concentration of CO2 
and N2 [26]. Contrary to what conventional intuition would suggest, Navarro [40] found 
that for certain storage pest species, a shorter controlled atmosphere (CA) exposure time 
is required if CA is composed of somewhat less than 100% nitrogen concentration. There-
fore, depending on the particular pest species, effective nitrogen dosage and exposure 
must be maintained within a narrow range of effective concentrations [17]. The biological 
efficacy of CA is linked to the physical characteristics of the storage conditions and the 
technical characteristics of the stores. Differential gas tightness of various types of storage 
structures is among the key factors influencing procedures for the effective use of con-
trolled atmospheres. Different construction types of commodity silos may also have dif-
ferent gas sorption characteristics, that influence the requirements for CA operational pro-
cedures. Technical structures and the method of filling inert gases affect the uniformity of 
their distribution within the treated objects [17,37]. Operational procedures of CA and 
exposure regimes can also be affected by the geographical location of the stores, as differ-
ent areas have different thermal conditions. Areas with low ambient temperatures may 
require extended exposure times and increased gas consumption. Given the complexity 
of the practical usage of controlled atmospheres, Athanassiou [41] pointed out that there 
is still relatively little scientific documentation regarding usage inert gases for silo appli-
cations under field conditions. This implies that there is still a need to investigate the use 
of gases in different pest species and developmental stages, under different technical stor-
age conditions and exposure regimes. 

The present work was aimed at investigating the lethality of controlled hypoxic at-
mospheres on two species of primary pests of stored products, under laboratory condi-
tions and in small silos. Sitophilus granarius L. (Curculionidae) and Callosobruchus chinensis 
L. (Chrysomelidae: Bruchinae) were selected as the tested species since they are important 
pests of grain/rice or legumes in Europe and Asia. Moreover, beetles of the genus Sitophi-
lus and Callosobruchus are generally suitable model species for CA testing and validation, 
as they are among the less susceptible storage arthropods to anoxic atmospheres [42–45]. 
Based on the findings of Navarro [40], the specific objective of the laboratory part of the
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work was to determine whether the tested pest species belong to the group of storage 
pests for whose control it is optimal to reach concentrations around 99%, or to the second 
group of species, for which the optimal control is 100% anoxia. Under laboratory condi-
tions, we thus tested N2 concentrations of gaseous nitrogen, on various developmental 
stages of S. granarius and C. chinensis. Jay [38] commented on the fact that there might not 
always be complete relevance between laboratory studies and the field application of CA 
to control stored-product insects. Therefore, based on our laboratory tests, validation 
studies were subsequently carried out in smaller semi-hermetic silos (25t) with continuous 
nitrogen saturation using on-site swing pressure nitrogen generators. Experiments were 
conducted in terms of the pest protection of imported agricultural commodities using 
standard shipping containers; therefore, tests were conducted in a set of small steel silos, 
each corresponding to the contents of one standard shipping container. The aim was to 
determine whether it was possible to achieve complete control of the tested pest species 
in 11 days under realistic operating conditions, or whether it was necessary to expose the 
pests for 21 days. 

2. Materials and Methods 
2.1. Tested Species and Cultures 

The insects used for the study included two internally feeding stored-product Cole-
optera species: Sitophilus granarius and Callosobruchus chinensis. Both populations (strains) 
tested were sensitive strains to commonly used insecticides, that were kept under labora-
tory conditions for at least 5 years. They were maintained in a rearing room at 25 °C and 
75% RH. As feeding substrate was used wheat grain for S. granarius and mung beans for 
C. chinensis. 

2.2. Laboratory Trials  
2.2.1. Testing Apparatus 

All pest species and their developmental stages were tested in a thermostatically con-
trolled N2 apparatus and the scheme is depicted in Figure 1. It is the modified version of 
the testing device proposed by Navarro et al. [45]. It consisted of 6 small plastic hermetic 
boxes (Lock and Lock HPL834, 2600 mL) in temperature 25 °C. These boxes were serially 
connected by transparent plastic hoses (PVC; diameter of 6/9 mm, Deutsch and Neumann 
GmbH; Hennigsdorf, Germany). The target nitrogen concentration (95%, 99% or 100%) 
was delivered from a pressurized metal cylinder (Linde Gas a.s.; Prague; Czech Republic) 
using a C200/2B-3SS outlet valve (Linde Gas a.s.; Czech Republic). A gas washing bottle 
containing an aqueous NaCl saturated solution was positioned between the metal cylin-
der and the initial small plastic box to humidity the nitrogen to 75% RH. The concentration 
of oxygen was determined using a GMH 3691 oxygen sensor (Greisinger Electronic 
GmbH; Regenstauf, Germany) connected behind the last experimental plastic box. The 
flow rate of nitrogen was measured using a Flow Sensor SFAB (Festo AG and Co. KG; 
Esslingen Germany). 
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Figure 1. Testing apparatus for validation of nitrogen control atmospheres in laboratory conditions 
(A)—technical scheme; (B)—plastic boxes in a climatised thermostatic-chamber; (C)—source of N2 
(gas cylinders); (D)—bio-samples of pests and commodites in Petri dishes covered by mesh lid. 

2.2.2. Bioassay Experimental Protocol 
In the experiments, the efficacy was validated on two species, S. granarius and C. 

chinensis. Validation of efficacy was performed for all developmental stages (adult, pupa, 
larva and egg). Each development stage was tested separately. The immature 
development stages were prepared according to the modified methodology of Aulicky et 
al. [37] (certified methodology for controlling the effectiveness of controlled atmospheres 
and fumigation in silos using bio-tests), as follows: (i) Eggs—The adults of both species 
were placed in a breeding container with substrate for 72 h. Then, the adults were 
removed and the substrate with the deposited eggs was used for further testing. (ii) 
Larvae and pupae—Adults were placed in the breeding container with substrate for 1 
week. Then, the adults were removed and the substrate was stored at 25 °C in a thermo-
chamber. For S. granarius, the substrate was used for larvae between 21–35 days, and for 
pupae between 35–48 days. For C. chinensis, the substrate was used for larvae between 14–
21 days and for pupae between 28–35 days. 

The tested stages were placed together with a substrate weighing 15 g (S. granarius—
wheat grain and C. chinensis—mung beans) in Petri dishes (diameter 60 mm) that had a 
mesh lid (diameter of the hole in the lid 50 mm). Fifty adult individuals were placed into 
each dish. The age of adults of S. granarius was 7–14 days and C. chinensis 1–5 days. 

All pest species and stages were enclosed and exposed in small plastic hermetic 
boxes; each box contained 8 petri dishes; one dish from each species and stage. In each 
treatment, 6 small plastic boxes were connected in series and the application of nitrogen 
from a pressurized metal cylinder was started. After reaching the target oxygen 
concentration, the pests were separately exposed for 1, 4, 8, 12, 16 or 20 days. After each 
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exposure trial, the last small plastic box with the samples was always disconnected and 
the controlled atmosphere was vented. Subsequently, the treated box was placed in a 
thermostat with a temperature of 25 °C. Adult mortality was checked 4 days after the end 
of exposure. It was because it was previously described so called delayed mortality effect 
in some types of controlled atmospheres [44]. Check of efficacy for other developmental 
stages was performed using adult hatching. The inspections were carried out regularly 
once a week until the adults stopped hatching. The control samples were prepared in the 
same way as the experimental ones, but they were not exposed in boxes by hypoxic 
nitrogen atmosphere. 

2.3. Field Silo Validation Trials 
2.3.1. Silos and Source of N2 

Trials using N2 were conducted in four identical steel silos with a capacity of 25 tons, 
fully loaded with a polished rice grain. Three silos were concurrently used as test silos 
filled with controlled nitrogen atmosphere (CA-N), whereas one silo was used as an 
untreated control without CA-N. The silos were shaded and thermally insulated by the 
roof and wall construction. The silos were not completely hermetic. However, they were 
sealed by glue (metal silo seals) and rubber (silo top and bottom covers) and they were 
equipped with a gastight press plenum through which the nitrogen was introduced. Due 
to these additional adaptations, we called the silos “semi-hermetic” further in the text. The 
silos were located inside the building of a food processing facility located in the Czech 
Republic (Podravka-Lagris a.s., south Moravia). The treated semi-hermetic silo bins 
included the discoid panel with a hole and plug for nitrogen filling at the top of the silo 
(Figure 2D). The hermetic discoid panel—located at the bottom of the silo—has a hole 
with a plug for nitrogen/oxygen concentration measurement (Figure 2B). For further 
technical description of semi-hermetic silos, see Aulicky et al. [37]. The nitrogen (N2) 
controlled atmosphere was produced from two on-site installed sets based on Swing 
Pressure Nitrogen Generators (N2—NITRO Source PSA, Parker) (Figure 2A). Each set 
consisted of the following units: compressor, air receiver, adsorption dryer, nitrogen 
buffer vessel, low-pressure N2 storage unit and piping. 
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Figure 2. Visualisation of the validation of biological efficacy of nitrogen-controlled atmospheres in 
silos. (A)—the on-site- build pressure swing nitrogen generator (N2—NITRO Source PSA—Parker) 
consisting of compressor, air receiver, adsorption dryer, nitrogen buffer vessel, low pressure N2 
storage unit and piping; (B)—hermetic removable discoid panel at the bottom of the silo with a hole 
and plug for nitrogen/oxygen measures; (C)—top board of silo bins with rectangular opening for 
loading the commodity and discoid panels; (D)—detail of a hermetic discoid panel with plug for 
nitrogen filling at the top of the silo. 

2.3.2. Temperature, Humidity and Oxygen Level 
Oxygen concentration measurements were performed with a Dräger X-am 7000 

portable detector (Dräger, GmbH, Stuttgart, Germany). Temperature and RH were 
measured during treatment in a selected cell at the top using a TinyTag Ultra 2 digital 
data logger (TinyTag Ultra 2; Gemini Data Loggers Ltd., Chichester, UK). During the 
shorter exposure period (10 + 1 day), the mean temperature was 19.2 ± 0.1 °C (range: 18.8–
20.8 °C) and RH was 52.1 ± 0.1 % (48.0–52.8 %), and during the longer exposure period (20 
+ 1 day), the mean temperature was 21.0 ± 0.1 °C (20.3–21.8 °C) and RH was 50.0 ± 0.1 % 
(34.3–50.8%). 

2.3.3. Bioassay Exposure 
Validation of the effectiveness of the controlled atmosphere with nitrogen was 

carried out in four metal silos (each capacity of 25 tonnes) containing polished rice -silos 
are described above. All developmental stages (adults, pupae, larvae and eggs) of the two 
primary pest species (S. granarius and C. chinensis) were used in the tests. Biological 
samples were prepared following the same procedure as for the laboratory tests (Section 
2.2.2). In the case of adults, 20 individuals were used per dish. Samples were located in 
two positions in each silo. One group of samples was placed at the top and the other at 
the bottom of the silo unit. A total of 32 dishes (4 dishes for each species and 
developmental stage) were placed at each position in the case of CA-N treated cells. A 
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total of 48 dishes (6 dishes for each species and developmental stage) were placed in the 
control silo unit without CA-N treatment. Treatments were based on N2 purging and N2 

maintenance phases. After the start of nitrogen application, there was a so-called purging 
or filling phase, which lasts 24 h. The target oxygen concentration was below 1% through 
the entire silo profile, including the bottom of the silo unit. Reaching this concentration, 
an exposure period of 10 or 20 days was calculated. Thus, the total exposure periods were 
either 11 days (1 day N2 purging; 10 days of N2 maintenance) or 21 days (1 day N2 purging; 
20 days of N2 maintenance). During the treatment period, the oxygen concentration at the 
bottom of all silos was checked at regular intervals. At the end of each of both exposure 
periods, the differentially exposed samples were removed and transferred to the 
laboratory. The procedure for evaluating the biological efficacy of CA-N on the tested pest 
species and developmental stages was the same as described above for the laboratory 
trials. 

2.4. Statistical Procedures 
Data from the laboratory test were analyzed as a multifactorial experiment design 

for each species separately. In adults, concentration and exposure times were assessed for 
survival and mortality. For the other developmental stages (eggs, larvae and pupae), 
concentration, exposure time and developmental stage for adult pupation were evaluated. 
For statistical purposes, each species was evaluated separately. Exposure time and 
concentration were entered as factors in the ANOVA. Concentrations also included 
controls without nitrogen. Each exposure time included separate evaluation of two 
concentrations. Data were transformed and evaluated using parametric multi-factorial 
ANOVA test (Statistica statistical software, version 12; StatSoft CR s.r.o., Prague, Czech 
Republic). The homogeneity of the groups was further evaluated using the Tukey—
Kramer HSD post-hoc test at the 0.05 level of significance. 

3. Results 
3.1. Laboratory Trial 

Laboratory results showed that the effectiveness of three different concentrations of 
nitrogen atmospheres varied for the tested pest species and their developmental stages, 
depending on the duration of exposure. Parameters of ANOVA for the main effects of 
controlled atmospheres in Sitophilus granarius and Callosobruchus chinensis are 
summarized in Table 1. Table 2 shows the effect of various exposure times on adult 
mortality of S. granarius adults at three concentrations of nitrogen atmosphere. In the 
controlled atmosphere of 100% N2, the complete adult mortality was achieved at an 
exposure time of 8 days, whereas for 99% N2 atmosphere it required 12 days’ CA-N 
exposure for the same biological efficacy. The lowest used concentration of nitrogen 
atmosphere (i.e., 95% N2) failed to deliver complete adult mortality in even 20 days. Table 
3 presents data on the emergence of adults from previously treated grain containing eggs, 
larvae, or pupae of S. granarius by two concentration of nitrogen atmosphere. Controlled 
atmosphere of 95% CA-N did not lead to suppression of all treated stages even within 20 
days, except one case regarding pupae treatment. Both N2 concentrations (i.e., 99 and 
100%) completely suppressed the development of eggs and larvae equally rapidly. The 
complete inhibition of egg and larval emergence was achieved at 12 day exposure time at 
both concentrations. However, higher concentration of N2 (100%) requires longer 
exposure time (16 days) to suppress development of pupae than the slightly lower N2 
concentration (99%) (12 days). 
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Table 1. Parameters of ANOVA for main effects related to mortality of the exposed adults of 
Sitophilus granarius (df = 180) and Callosbruchus chinensis (df = 180) or to S. granarius (df = 315) and C. 
chinensis—(df = 315). adult emergence following their previous N2 exposure in sub-adult stages (egg, 
larva and pupa). 

Species Stages Source df F p 
S. granarius Adults Exposure time 5 284.9 ˂0.001
  Concentration 5 3042.4 ˂0.001
    Exposure time × Concentration 25 77.8 ˂0.001
C. chinensis Adults Exposure time 5 981.2 ˂0.001
  Concentration 5 201.9 ˂0.001
    Exposure time × Concentration 25 77.1 ˂0.001
S. granarius Eggs, larvae, pupae Exposure time 6 696.2 ˂0.001
  Concentration 2 127.9 ˂0.001
  Stage 2 4.2 ˂0.016
  Exposure time × Concentration 12 15.5 ˂0.001
  Exposure time × Stage 12 11.4 ˂0.001
  Concentration × Stage 4 19.6 ˂0.001
    Exposure time × Concentration x Stage 24 2.1 ˂0.003
C. chinensis Eggs, larvae, pupae Exposure time 6 711.0 ˂0.001
  Concentration 2 150.8 ˂0.001
  Stage 2 104.2 ˂0.001
  Exposure time × Concentration 12 7.8 ˂0.001
  Exposure time × Stage 12 24.4 ˂0.001
  Concentration × Stage 4 54.6 ˂0.001
    Exposure time × Concentration x Stage 24 16.1 ˂0.001

Table 2. Laboratory efficacy (% of mean adult mortality; Av. % ± SE) of six exposure times (ranging 
from 1 to 20 days) and three concentrations (ranging from 95% to 100% N2) nitrogen-based 
controlled atmospheres on the exposed adults of grain weevil (Sitophilus granarius). (Different letters 
indicate statistically significant differences between variables). 

   Concentration  

Exposure Time   100% N2 99% N2 95% N2 
1 day Exposed 73.7 ± 2.0 Aa 15.0 ± 2.1 Ba 4.3 ± 1.4 Ca
 Control 1.0 ± 1.0 Ab 0.7 ± 0.4 Ab 1.3 ± 1.0 Aa
4 days Exposed 93.7 ± 2.0 Ac 79.3 ± 1.8 Bc 10.3 ± 2.3 Ca
 Control 2.3 ± 1.1 Ab 0.7 ± 0.4 Ab 3.0 ± 1.1 Aa
8 days Exposed 100.0 ± 0.0 Ac 95.3 ± 1.4 Ad 20.7 ± 2.8 Bb
 Control 4.0 ± 1.6 Ab 4.7 ± 2.0 Ab 4.7 ± 1.4 Aa
12 days Exposed 100.0 ± 0.0 Ac 100.0 ± 0.0 Ad 32.3 ± 4.3 Bc
 Control 4.0 ± 1.6 Ab 6.0 ± 1.8 Aab 6.0 ± 1.4 Aa
16 days Exposed 100.0 ± 0.0 Ac 100.0 ± 0.0 Ad 65.7 ± 5.5 Bd
 Control 4.70 ± 1.5 Ab 6.7 ± 1.4 Aab 10.0 ± 1.9 Aa
20 days Exposed 100.0 ± 0.0 Ac 100.0 ± 0.0 Ad 82.3 ± 2.0 Be
  Control 4.7 ± 1.5 Ab 6.7 ± 1.4 Aab 10.3 ± 2.2 Aa
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Table 3. Laboratory efficacy (Average No. of adults emerged following their treatment in subadult 
stages; Av. No. ± SE) of six exposure times (ranging from 1 to 20 days) and three concentrations 
(ranging from 95% to 100% N2) nitrogen-based controlled atmospheres on eggs, larvae and pupae 
of grain weevil (Sitophilus granarius). (Different letters indicate statistically significant differences 
between variables). 

Development Stage Exposure Time   Concentration  
  100% N2 99% N2 95% N2 

Eggs 1 day 27.8 ± 1.8 Aa 32.7 ± 2.8 Aa 41.8 ± 1.6 Ba
 4 days 22.7 ± 1.9 Aa 29.0 ± 2.6 ABab 35.5 ± 2.4 Bab
 8 days 19.5 ± 1.1 Aa 17.2 ± 3.4 Ab 33.3 ± 1.1 Bab
 12 days 0.0 ± 0.0 Ab 0.0 ± 0.0 Ac 26.8 ± 1.3 Bb
 16 days 0.0 ± 0.0 Ab 0.0 ± 0.0 Ac 17.8 ± 2.7 Bbc
 20 days 0.0 ± 0.0 Ab 0.0 ± 0.0 Ac 10.5 ± 1.3 Acd
  Control 41.0 ± 1.5 Ac 38.7 ± 2.7 Aa 45.5 ± 1.7 Aa

Larvae 1 day 37.5 ± 2.6 Aa 47.2 ± 1.4 Aa 39.2 ± 2.7 Aa
 4 days 22.0 ± 2.1 Ab 23.7 ± 2.4 Ab 35.8 ± 2.7 Ba
 8 days 2.5 ± 0.6 Ac 4.3 ± 1.2 Ac 25.8 ± 2.6 Bab
 12 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ac 21.5 ± 1.8 Bbc
 16 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ac 10.2 ± 1.6 Acd
 20 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ac 3.8 ± 1.5 Ad
  Control 46.5 ± 1.8 Aa 54.5 ± 1.3 Aa 45.7 ± 3.6 Aa

Pupae 1 day 45.2 ± 5.6 Aad 44.3 ± 1.9 Aa 42.0 ± 2.1 Aa
 4 days 37.5 ± 1.9 Aa 29.8 ± 3.2 Ab 35.8 ± 2.1 Aa
 8 days 18.5 ± 3.8 Ab 11.2 ± 2.4 Ac 20.8 ± 1.7 Ab
 12 days 3.8 ± 1.9 Abc 0.0 ± 0.0 Ac 18.3 ± 2.9 Bbc
 16 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ac 6.7 ± 0.9 Acd
 20 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ac 0.0 ± 0.0 Ad
  Control 52.2 ± 4.7 Ad 47.2 ± 1.9 Aa 45.3 ± 2.6 Aa

Table 4 shows adult mortality and Table 5 shows the emergence of adults from 
previously treated eggs/larvae/pupae of C. chinensis following their exposure to three 
concentration of controlled nitrogen atmosphere (CA-N). For 99% and 100% CA-N the 
complete C. chinensis adult mortality was reached in 8 days, whereas 95% CA-N required 
12 days of exposure. However, the latter was associated with 100% mortality in the 
untreated control since C. chinensis adults are short-lived. Controlled nitrogen atmosphere 
(CA-N) achieved more rapid action (12 days) at a slightly lower CA-N concentration (99% 
N2) than at the highest concentration (100% N2) (16 days) in all immature stages except 
pupae. At a CA-N concentration of 99% N2, 100% larval mortality was attained at the 12 
day exposure, while at a higher concentration up to the 16 day exposure. Similar to S. 
granarius, the lowest used concertation of CA-N (95%) did not lead to the suppression of 
all treated stages of C. chinensis within 20 days of exposure, except in one case regarding 
pupae treatment. 
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Table 4. Laboratory efficacy (% of mean adult mortality; Av. % ± SE) of six exposure times (ranging 
from 1 to 20 days) and three concentrations (ranging from 95% to 100% N2) nitrogen-based 
controlled atmospheres on the exposed adults of adzuki bean weevil (Callosobruchus chinensis). 
(Different letters indicate statistically significant differences between variables). 

   Concentration  

Exposure Time   100% N2 99% N2 95% N2 
1 day Exposed 97.0 ± 1.7 Aa 40.0 ± 2.1 Ba 27.7 ± 3.8 Ca
 Control 76.3 ± 3.7 Ab 26.0 ± 1.8 Bb 18.3 ± 3.3 Bb
4 days Exposed 100.0 ± 0.0 Aa 84.0 ± 2.3 Bc 44.0 ± 3.3 Cc
 Control 87.7 ± 3.2 Ac 78.7 ± 1.4 Ac 36.0 ± 3.6 Bbc
8 days Exposed 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 90.0 ± 2.8 Bd
 Control 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 87.0 ± 2.4 Bd
12 days Exposed 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae
 Control 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae
16 days Exposed 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae
 Control 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae
20 days Exposed 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae
 Control 100.0 ± 0.0 Aa 100.0 ± 0.0 Ad 100.0 ± 0.0 Ae

Table 5. Laboratory efficacy (Average No. of adults emerged following their treatment in subadult 
stages; Av. No. ± SE) as of six exposure times (ranging from 1 to 20 days) and three concentrations 
(ranging from 95% to 100% N2) nitrogen-based controlled atmospheres on eggs, larvae of adzuki 
bean weevil (Callosobruchus chinensis). (Different letters indicate statistically significant differences 
between variables). 

Development Stage Exposure Time   Concentration  
  100% N2 99% N2 95% N2 

Eggs 1 day 9.2 ± 1.2 Aa 18.7 ± 1.2 a 34.7 ± 1.6 Bad
 4 days 5.2 ± 1.4 Aa 16.5 ± 2.2 Ba 29.5 ± 1.8 Cab
 8 days 6.0 ± 1.3 Aa 9.5 ± 1.8 Aab 22.7 ± 1.8 Bb
 12 days 3.7 ± 1.4 Aa 0.0 ± 0.0 Ab 10.0 ± 1.3 Ac
 16 days 0.0 ± 0.0 Aa 0.0 ± 0.0 Ab 7.7 ± 1.1 Ac
 20 days 0.0 ± 0.0 Aa 0.0 ± 0.0 Ab 1.0 ± 0.5 Ac
 Control 21.3 ± 2.7 Ab 33.00 ± 0.9 Bc 43.3 ± 2.1 Bd

Larvae 1 day 54.3 ± 4.5 Aa 29.0 ± 1.3 Ba 37.0 ± 2.3 Ba
 4 days 22.5 ± 2.3 Ab 21.7 ± 1.3 Aa 30.0 ± 1.8 Aab
 8 days 18.7 ± 2.3 ABb 8.7 ± 3.9 Ab 21.5 ± 0.4 Bbc
 12 days 1.5 ± 0.62 Ac 0.0 ± 0.0 Ab 14.0 ± 1.6 Bc
 16 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ab 6.7 ± 1.0 Acd
 20 days 0.0 ± 0.0 Ac 0.0 ± 0.0 Ab 5.8 ± 1.1 Acd
 Control 63.2 ± 3.5 Aa 55.7 ± 2.1 ABc 51.5 ± 1.7 Be

Pupae 1 day 31.5 ± 5.3 Aa 15.2 ± 1.4 Ba 29.3 ± 0.9 Aa
 4 days 47.2 ± 3.6 Ab 6.3 ± 0.7 Bab 25.0 ± 1.7 Ca
 8 days 11.8 ± 1.9 Ac 2.5 ± 0.8 Ab 22.8 ± 2 Ba
 12 days 0.8 ± 0.5 Ad 0.0 ± 0.0 Ab 8.5 ± 0.9 Ab
 16 days 0.5 ± 0.4 Ad 0.0 ± 0.0 Ab 3.2 ± 0.6 Ab
 20 days 0.0 ± 0.0 Ad 0.0 ± 0.0 Ab 0.00 ± 0.0 Ab
 Control 52.7 ± 2.8 Ab 30.8 ± 4.7 Bc 49.3 ± 1.3 Ac

3.2. Field Trials in Silos 
The initial N2 purging phase of nitrogen into the commodity-filled silos required 24 

h for both types of exposures, i.e., 1 + 10 or 1+ 20 days. The average nitrogen consumption 
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was 148.5 L*min−1 in the shorter exposure time and 147.3 L*min−1 in the longer exposure 
time. From Figures 3 and 4, it is apparent that in all silos oxygen concentrations below 2% 
was achieved (at the bottom of each silo unit) within 12 h, and it took a further 12 h to 
achieve oxygen concentrations below 1%. In the subsequent saturation and maintenance 
phase, despite slight diurnal fluctuations in temperature and atmospheric pressure, 
oxygen concentrations between 0% and 1% were maintained for both the 10 day exposure 
(Figure 3) and the 20 day exposures (Figure 4). 

 
Figure 3. Oxygen concentration during field test—10 + 1 days of exposure (n = 3 silo units); 1 day 
N2 purging; 10 days of full N2 concentration exposure. The average oxygen concentration after initial 
12 h nitrogen purging was 1.5 ± 0.1%; the average oxygen concentration for the 10 days of nitrogen 
maintenance was 0.4 ± 0.0%. 

 
Figure 4. Oxygen concentration during field test—20 + 1 days of exposure (n = 3 silo units); 1 day 
N2 purging; 20 days full N2 concentration exposure. The average oxygen concentration after initial 
12 h nitrogen purging was 1.5 ± 0.1%; the average oxygen concentration for the 20 days of nitrogen 
maintenance was 0.5 ± 0.0%. 

The data summary on the mortality of the controlled nitrogen’s atmospheres (below 
1% of oxygen) on adults of S. granarius and C. chinensis in metal silos, under two exposure 
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regimes of 10 or 20 days, can be found in Table 6. Table 7 shows the efficacy of the tested 
nitrogen atmospheres on eggs, larvae and pupae of both tested species. All field validation 
tests, carried out in small semi-hermetic silos, showed 100% mortality (Table 6) or 100% 
development suppression (Table 7) in both exposure regimes and all tested species and 
their developmental stages under given conditions. 

Table 6. Field efficacy (% of adult mortality; Av. % ± SE) of controlled nitrogens atmospheres (below 
1% of oxygen) on adults of the tested species (S. granarius, C. chinensis) in metal silos under two 
exposure regimes 11 (1 day N2 purging; 10 days full N2 concentration exposure) or 21 days. For each 
treated silo units (n = 3 silos) 4 bio-assay-dishes with insects were used. 

   Exposure Time 
Species Sample n 11 Days 21 Days 
S. granarius TS Upper 3 100.0 ± 0.0 100.0 ± 0.0 
 TS Lower 3 100.0 ± 0.0 100.0 ± 0.0 
 Control—Lower position 1 6.7 ± 2.8 1.7 ± 1.1 
C. chinensis TS Upper  3 100.0 ± 0.0 100.0 ± 0.0 
 TS Lower  3 100.0 ± 0.0 100.0 ± 0.0 
 Control—Lower position 1 96.7 ± 1.1 99.2 ± 0.8 

Table 7. Field efficacy (Average No. of adults emerged following their treatment in subadult stages; 
Av. No. ± SE) of controlled nitrogens atmospheres (below 1% of oxygen) on eggs, larvae and pupae 
of the tested species in metal silos under two exposure regimes of 11 or 21 days. For each treated 
silo units (n = 3 silos) 4 bio-assay-dishes with insects were used. 

     Exposure Time 
Species Stage Sample n 11 Days 21 Days 
S. granarius Pupae TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
  Control—Lower position  1 4.7 ± 0.5 9.3 ± 1.5
C. chinensis  TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
    Control—Lower position 1 29.7 ± 1.9 22.0 ± 3.8
S. granarius Larvae TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
  Control—Lower positon 1 5.2 ± 0.6 23.0 ± 1.9
C. chinensis  TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
    Control—Lower position 1 16.3 ± 1.4 36.3 ± 5.6
S. granarius Eggs TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
  Control—Lower position 1 6.8 ± 1.0 9.3 ± 1.3
C. chinensis  TS Upper  3 0.0 ± 0.0 0.0 ± 0.0
  TS Lower  3 0.0 ± 0.0 0.0 ± 0.0
    Control—Lower position 1 124.3 ± 27.9 33.0 ± 9.7

4. Discussion 
Good technological practice for commodity storage on farms, and their onward 

export and import, requires the availability of robust, rapid and environmentally safe pest 
control procedures. Compared to toxic fumigants, the use of modified atmospheres (= 
controlled atmospheres or hermetic storage) is considered challenging in terms of the 
requirements for relatively long exposure times [16,17,46,47]. For a long-term storage of 
agricultural commodities at large farms or national strategic reserves facilities, the length 
of exposure to controlled atmospheres used in silos is usually not a major technological 
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constraint [26]. However, the length of exposure to controlled atmospheres can play a 
significant role in the short-term storage of commodities on small farms with limited 
storage capacity, in ports [39], or in commercial organizations that process agro-
commodities (cereals, rice, legumes, dry/dried fruits) into small food packages for retail 
sales [44,48]. For such companies, minimizing concentrations and exposure duration 
while achieving high efficacy is an essential constraint for the implementation of 
controlled atmospheres for routine practical use. This work therefore addressed the 
problem of optimization of the length of exposure by hypoxic nitrogen atmospheres for 
the control of two important storage pests, under laboratory and small-silos conditions. 

4.1. Laboratory Trials 
In the laboratory part of our work, new biological data were obtained regarding the 

biological efficacy of controlled nitrogen atmospheres on C. chinensis and S. granarius 
species under different exposure lengths (1–20 days) and different concentrations (95–
100%). From a practical point of view, an important finding of our work was that for most 
of the tested exposures up to 20 days, the concentrations 99% and 100% nitrogen were 
highly effective for the control of all developmental stages (eggs, larvae, adult pupae) of 
both species. In contrast, at 95% nitrogen concentrations, 100% mortality was not achieved 
for all life stages of both species tested for most of the tested exposure times. The 
published work on laboratory exposures of C. chinensis and S. granarius with controlled 
atmospheres is relatively sparse [49–55]. As a result, a direct comparison of our results 
with data from other authors is also relatively limited. Cui et al. [49] investigated survival, 
development time delay and metabolomics changes in larvae (4th instar) of C. chinensis 
under two hypoxia regimes (2% O2 = hypoxia or 2% O2 + 18% CO2 = hypoxia/hypercapnia). 
They found that the development of C. chinensis was significantly suppressed by both 
hypoxia conditions and showed profound differences in metabolites between the 
treatment and control groups. Cui et al. [49] concluded that C. chinensis has high tolerance 
to hypoxia since some proportion of 4th-instar larvae survived (i.e., emerged as adults after 
24 days) more than 20 days under hypoxia/hypercapnia. In our experiments, we achieved 
100% mortality of C. chinensis larvae when exposed in nitrogen atmosphere 99% for 12 
days. However, the larval survival and adult emergence of C. chinensis was observed for 
all tested exposure times at 95% nitrogen atmosphere. Regarding S. granarius, Lindgren 
and Vincent [50] reported 95% mortality of S. granarius adults after 5.3 day exposure by 
100% nitrogen exposure (70 °F and 60–70% RH). Adler [54] observed 99% mortality from 
10 strains of S. granarius in 6.6 days (20 °C and 75–99% nitrogen and 1% oxygen). The 
results by Adler [54,55] are comparable with the results obtained later by Conyers and 
Bell [56] on the sensitive and resistant strains of S. granarius (99.3–100% mortality, in 8 
days at 99% nitrogen atmosphere- 50% RH and 20 °C), and with the results obtained in 
our study (100 % mortality in 8 days at 100% nitrogen atmosphere, in 12 days at 99% 
nitrogen atmosphere). 

Although direct comparison with available literature on the tested species is limited, 
it is still interesting to compare our results with abundant publications concerning the 
effectiveness of controlled atmospheres on the related pest species. They mainly include 
Callosbruchus maculatus [44,57–62], Acanthoscelides obtectus [57,63], Sitophilus zeamais [34], 
and S. oryzae [33,35]. Comparisons of data on C. chinensis and S. granarius with data on 
related species allow further generalization of the biological effects of inert gases on pests 
[24,64], and thus the construction of generally applicable atmosphere-controlled 
technologies and procedures for stored product pests [17]. Our laboratory data show that 
C. chinensis and S. granarius adults were the most susceptible developmental stages, which 
is in agreement with many findings obtained by other authors for several species of 
storage pests. For example, Hashem et al. [63] found that hypoxia/hypercapnia effects 
were more severe in adult bruchids A. obtectus, which led to 100% mortality after 3 days 
of exposure, but the full hatchability suppression required 7 days. However, for S. zeamais, 
Williams et al. [35] found that not only adult stages but also eggs were more sensitive to 
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anoxia than larval and pupal stages. The comparison of our data with the previously 
published results also suggested that the tested species of internal-feeding pests might be 
less sensitive to controlled atmospheres compared to some species of externally-feeding 
pests, such as Tribolium sp. and Oryzaephilus sp. [37,44,56,65,66]. For example, Sakka et al. 
[44] found that C. maculatus is more tolerant to nitrogen atmosphere than T. castaneum. 
They hypothesized that the difference in their sensitivity could be because the immature 
development of C. maculatus occurs in the inner part of the seeds, where nitrogen 
penetration may be more gradual, and the T. castaneum individuals are more directly 
exposed to nitrogen. However, several authors have shown that some externally 
developing pests, such as Cryptolestes spp. and Trogoderma genera [29,44,46,56,66], can 
exhibit tolerance to controlled hypoxic/anoxic atmospheres. For example, Conyers and 
Bell [56] found that adults of C. ferrugineus appeared to be most tolerant to an atmosphere 
with 1% oxygen, followed by S. granarius, while adults of O. surinamensis were the most 
sensitive. Moncini et al. [33] reported that an atmosphere containing 98.5% N2 caused the 
complete mortality of S. oryzae adults after 3 days of exposure on wheat kernels, whereas 
the complete mortality of T. confusum adults required 7 days on flour. This is surprising, 
because it was previously reported [65] that externally developing T. confusum was very 
sensitive to nitrogen atmosphere. In this case, the question is whether sensitivity may be 
influenced not only by pest species, but also by the type of food commodity, such as grain 
or flour [33]. All the discrepancies found in the above-mentioned published works suggest 
that the affiliation of a particular species of a storage pest to an ecotype, with development 
inside or outside the seed commodity, is not a completely reliable predictor of its 
sensitivity or tolerance to anoxic/hypoxic atmosphere. In addition, the complex biotic and 
abiotic relationships discussed above indicate that practical procedures and exposure 
regimes for the use of a controlled atmosphere in practice should be more or less specific 
to each pest species. 

Another practical objective of our laboratory work was to explore the mortality- 
concertation relationship in the tested species for the 95%-100% range of atmospheric 
nitrogen concentrations. Navarro and Navarro [17] pointed out that effective nitrogen 
dosage and exposure must be relatively precise and within a certain range of 
concentrations, because mortality may not have a positive linear relationship with 
increasing nitrogen concentration over the entire range of values. The basis for this caveat 
was previous laboratory experiments conducted by Navarro [40]. He found that, contrary 
to intuitive expectation, the necessary exposure time for some species increases when the 
atmospheric oxygen concentration approaches zero. In other species, however, 100% 
anoxia may be more effective than various levels of hypoxia. For example, Navarrro [40] 
described that Ephestia cautella pupae and Tribolium castaneum adults reacted to increasing 
concentrations of N2 in a similar pattern, whereas S. oryzae adults reacted in a different 
way. The lower the oxygen concentration was, the shorter the exposure time needed to 
produce 95% mortality of E. cautella pupae and T. castaneum. However, S. oryzae adults 
showed greater sensitivity at 1% oxygen than at the zero level of oxygen concentration. In 
our study, we found that responses to different oxygen concentrations differed not only 
between the two species tested, but also among developmental stages within a species. In 
S. granarius, lethal exposure was shorter at 100% nitrogen concentration than at the lower 
concentration (99%), but the opposite was true for the pupal stage of this species. For the 
species C. chinensis, the exposure time leading to 100% mortality was the same for the 99% 
and 100% concentrations, whereas for the immature stage, the exposure time leading to 
100% mortality was higher for the lower of the two concentrations tested, 99%. 

4.2. Field Validations 
The required effective pest control exposures of commodities to hypoxic 

atmospheres can exceed one month, depending on the technological and environmental 
conditions in commodity stores and silos [35]. However, such long exposure times may 
not be acceptable for many companies for operational and economic reasons [44]. Users 
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of controlled atmosphere usually balance between minimizing the length of the hypoxic 
exposure of infested commodities and maximizing its biological efficacy on pests. 
Unfortunately, practitioners frequently do not have detailed information to optimize 
these control processes for many pest species when controlling them in small silos. Most 
practical validations are either from large silos [67,68], laboratory small silos [34], mini-
silos [35], glass desiccators [56] or hermetic chambers [44,48]. Published data regarding 
the use of controlled atmospheres for the treatment of commodities in smaller silos (25t) 
is lacking, or is very limited [35,37,69]. At the same time, detailed technological 
information is very important because the treatment of small silos is challenging; even 
small gas leaks cause a significant reduction in the concentration of inert gases [17,70]. For 
potential users, compensating for nitrogen leakage from silos by continuously saturating 
the silo-atmosphere with inert gases may seem economically and operationally 
demanding. However, our fieldwork has shown that good results can be achieved even 
in small metal silos in the normal operating conditions of a commercial commodity store 
(Podravka-Lagris, CZ). Our validations in these silos demonstrated that these types of 
silos could be saturated by the 98% nitrogen within 12 h, and a target hypoxic 
concentration above 99% can be well achieved within 24 h. It was further demonstrated 
that under a period of 10–20 days, a relatively stable level of over 99% nitrogen can be 
maintained; oxygen concentration oscillating between 0.3–0.7%. However, it should be 
noted that the treated silos were located indoors. Thus, the large fluctuations in 
temperature and the effects of direct sun-glare were reduced, that likely buffered large 
fluctuations in controlled atmosphere concentrations. Indeed, other authors have 
documented that the method of application, the type of facility and/or 
temperature/sunshine fluctuations can cause concentration fluctuations and uneven 
distribution of inert and toxic gases in treated stores, chambers and transport vehicles 
[11,44,71,72]. Regarding the importance of the necessity of an even concentration 
distribution of nitrogen in the treated chamber, Sakka et al. [44] stressed that: “pest 
location is a crucial parameter that may determine the insecticidal effect of nitrogen. In 
our study, we saw that despite variations in insect survival in the different locations, some 
of the insects that survived we found in the vials that had been placed in the “heart” of 
the pallet. This is somehow expected, as nitrogen penetrates into the pallet from the 
outside to the inside, and thus, “oxygen nests” can be created in the internal part of the 
product mass.” From this point of view, it would be interesting to compare our results 
(concerning the stability and concentration variations of a controlled hypoxic atmosphere) 
with experiments carried out in small silos located outside shielded and tempered spaces, 
in the future experiments. 

Concurrently with the validation of nitrogen filling and concentrations maintenance 
in the silos, bio tests were placed in the upper and lower parts of the silos. This is because 
our previous work [37] revealed that there might be differences in the biological efficacy 
achieved between the top and bottom of the silo when filling silos by nitrogen from top 
to bottom, and using very short exposures. However, in the current validation 
experiments, it was shown that both exposure regimes (11 and 21 days) resulted—under 
given environmental conditions—in 100% control of all developmental stages of C. 
chinensis and S. granarius at both the top and bottom of the treated silos. Thus, these tests 
yielded optimistic results, acceptable for the use of relatively short exposure times of 
controlled atmospheres in small silos. On-site nitrogen production using a swing-
pressure-generator is economically challenging; especially in the current global energy 
crisis. Thus, the energy savings made possible by short exposure times, and thus reduced 
nitrogen production needs, is a very important and timely result of this work for practice. 
However, we believe that the results obtained for C. chinensis and S. granarius still need to 
be validated for other species. Indeed, there is an experimentally supported suspicion that 
some species, such as T. granarium, may be highly tolerant to hypoxic [44,46] and hyper-
carbic [46] atmospheres. To control resistant species such as T. granarium, it will likely be 
necessary to increase the length of exposure, manipulate temperature/pressure [48,73], or 
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use a combination of stressors such as radiation and controlled atmospheres [29]. Other 
aspects that merit future research attention may be effects caused by differences in the 
sensitivity of different geographic strains of pests to anoxic and hypoxic atmospheres. The 
differences in the tolerance of different strains of pests to controlled atmospheres has been 
noted by Adler [54] and Conveyers and Bell [56], who reported differences in the 
responses to hypoxia of S. granarius populations from different countries and geographic 
regions. 

5. Conclusions 
Hypoxic or anoxic atmospheres belong among promising and environmentally 

acceptable methods of effective stored product pest control, both for farmers and for 
international phyto-quarantine services [16,74,75]. Moreover, they have the potential for 
the effective control of pest populations resistant to traditional fumigants, such as 
phosphine. In this paper, data were presented regarding both the laboratory and field 
efficacy of hypoxic atmospheres on different developmental stages of two primary key 
pest species (C. chinensis and S. granarius) with intra-grain immature development. The 
laboratory data indicated that 10–20 days’ exposure resulted in 100% control of all 
developmental stages of C. chinensis and S. granarius when nitrogen concentrations was 
maintained between 99% and 100%, under defined temperature and humidity. Hypoxic 
nitrogen concentrations of 99% had even higher efficacy than completely anoxic 
atmospheres in the laboratory conditions tested. However, the 95% nitrogen 
concentration atmosphere did not result in 100% control of both species at the exposures 
given, even under controlled laboratory conditions for exposures of up to 20 days. 
Experimental validation in the silos, located indoors without large temperature 
fluctuations and direct sunshine-warming effects, showed that a targeted hypoxic 
concentration above 99% could be well achieved within 1 day of nitrogen initial purging, 
and stably maintained for the consequent 10–20 days. Bio tests indicated that both 
exposure regimes (10 + 1 and 20 + 1 days) resulted in 100% control of all developmental 
stages of C. chinensis and S. granarius under the given environmental conditions. 
Therefore, the use of nitrogen atmospheres in smaller silos for relatively short exposure 
periods can be considered a promising effective method for controlling C. chinensis and S. 
granarius species in small silos equivalent to the capacity of a standard shipping container. 
Thus, the results are of interest both for the protection of stored commodities on small 
farms, and for commercial organizations storing/treating separately a supply of 
commodities corresponding to the size of standard shipping containers. However, it is 
recommended to extend the tests and validations to other pest species and geographical 
strains/populations as they may have different sensitivities [56,66]. 
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Internally feeding primary pests produce dusty frass that is known to support the development of externally developing 

beetles. Apart from frass, primary pests create semi-opened cavities in kernels that provide an opportunity for hiding and 

feeding of secondary pests, increase grain surface area and decrease weight of excavated kernels. It is unknown whether the 

excavated kernels may affect the efficacy of grain protectants and the development of secondary pests. Therefore, this study 

explored insecticide droplet distribution on the surface of excavated kernels by Sitophilus granarius. Further, it evaluated the 

effect of grain mixtures - differing in various proportions of sound and excavated kernels without frass - on the development 

and efficacy of two different doses of grain protectant insecticides (pirimiphos-methyl and deltamethrin) in sensitive strains 

of Cryptolestes ferrugineus and Tribolium castaneum. It was found - using dyed insecticide spray - that half of kernels did not 

receive droplets inside the excavations. Bioassays revealed that (i) the adult survival and progeny production of C. ferrugineus 

and T. castaneum were recorded only on mixtures with a high proportion of excavated kernels; (ii) the higher dose of 

pirimiphos-methyl and deltamethrin led to 100% mortality in both pests under all conditions; and (iii) the lower dose enabled 

survival on grain mixtures with an increased ratio of excavated to sound kernels in both chemicals and secondary pest species. 

The work first showed that a high proportion of damaged kernels in a grain batch/sample can support the development of C. 

ferrugineus and T. castaneum even without the presence of frass and that excavated kernels may cause pest survival in the 

case of a lower concentration of grain protectants.    

1. Introduction  

Stored product arthropod pests cause weight losses of commodities and 

deterioration of quality (Egwuatu, 1987; Hagstrum and Phillips, 2017). The 

physical injury of grains in the form of internal excavations of kernels by 

internally feeding pests is used by food producers and traders as an IDK (insect-

damaged kernels) grain quality index (Stejskal et al., 2020a). Apart from 

economic losses, storage arthropods cause deterioration and contamination of 

stored commodities and processed food that is of medical/hygienic importance 

(Hubert et al., 2011; 2018).  

The management of these pest-related risks requires an effective 

combination of proactive and reactive targeted approaches. Grain protectant 

sprays are both proactive and reactive measures (Arthur and  
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Subramanyam, 2012; Stejskal et al., 2021). Kljaji´c and Peri´c (2009) concluded 

from their experiments that wrong choice of insecticide grain protectant and 

its inadequate application might in practice result in poor treatment efficiency. 

Since the efficacy of various grain protectants may differ in various species and 

stages of stored product arthropods (Arthur, 1996), proper selection may be 

complicated by multispecies infestation of a single store or commodity batch. 

Athanassiou et al. (2009) found that grain protectant efficacy on secondary 

feeding insects may be affected by diet, i.e., various kinds of sound crop grain, 

such as rice, wheat, or maize. In addition, interspecific interactions may have 

an impact on the development of various pest species populations and 

insecticide performance in both negative and positive ways. Interspecific 

interactions of storage pests are now a subject of renewed research interest 

(Athanassiou et al., 2014; Kavallieratos et al., 2017; Sakka and Athanassiou, 

2018). Interspecific population effects may be based not only on direct 

interactions but also on indirect ecological interactions that include changes in 
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microclimatic conditions (e.g., changes in humidity or temperature) and 

physical changes/integrity of substrate. Kernels damaged by insect feeding 

may release attractive volatile odour compounds and affect pest behaviour 

and feeding (Trematerra et al., 2000, 2013; Đuki´c et al., 2018; Giunti et al., 

2018). More importantly, the presence of grain damage together with frass, 

caused by primary coleopteran pests (e.g., Rhyzopertha dominica, Trogoderma 

granarium), can support the development of some secondary insect pest 

species (Kavallieratos et al., 2017; Shah et al., 2021; Lampiri et al., 2022). The 

effect of grain damage may likely be less pronounced in primary pests than in 

secondary species (Gvozdenac et al., 2018). The only exception among the 

secondary pests are the psocids that are able to directly attack sound or intact 

kernels (Gautam et al., 2013). It remains to be determined whether the 

excavated kernel itself (with unconsumed parts of endosperm and germ) can 

create proper microhabitats for secondary pests, providing physical 

protection/shelter and access to the food source remaining inside the 

damaged seed.  

From the perspective of the chemical control of storage pests, it is also 

poorly understood whether the physical disintegration of grain by pests might 

influence the efficacy of insecticides. It is unclear if the internal space of the 

kernel cavities remains free of deposits of grain protectants, and if spray 

droplets are able to enter kernel excavations during grain spray treatment. 

There are also missing data on the effect of kernel excavations caused by 

primary pests on the efficacy of grain protectants on secondary pests. 

Currently, most of the tests of grain protectants are almost exclusively 

conducted on sound kernels (European and Mediterranean Plant Protection 

Organization, 2004a,b; Rumbos et al., 2013; Arthur and Morrison, 2020). For 

example, Rumbos et al. (2018) stated that untreated, clean and infestation-

free durum wheat varieties with very little dockage were used in their tests. 

However, this may not always reflect the real storage conditions where the 

uncleaned stored grain may contain various levels of dockage, foreign 

materials, grain dust, frass, grain fragments, cracked grain and various degrees 

of kernel damage by primary pests (Golebiowska, 1969; Flinn et al., 1992; 

Stejskal and Kucerova, 1996; Stejskal et al., 2007; Alonso-Amelot and Avila-

Núnez, 2011˜ ; Trematerra and Throne, 2012; Morrison et al., 2019; Skourti et 

al., 2020; Jian 2022; Jian and Zhang, 2022). Egwuatu (1987) documented that 

in some developing countries, the average damage caused by primary storage 

pests may be over 80%. However, because primary pests such as R. dominica 

or Sitophilus spp. strongly tend to aggregate (Plarre, 1996), the proportion of 

damaged kernels in the infested spots may be several magnitudes higher than 

the average number of damaged kernels in the entire grain mass (Mehta et al., 

2021).  

This work therefore addressed some of the above unsolved problems 

regarding the effect of kernel excavation by internally feeding pests on the 

development of some externally feeding pests and the efficacy of selected 

grain protectants. We specifically tested the following two hypotheses. 

Hypothesis 1: There exists a mixture of sound to excavated (damaged) kernels 

by S. granarius that enables population development of at least one species of 

the two secondary Coleoptera storage pests tested (Cryptolestes ferrugineus 

and Tribolium castaneum). Hypothesis 2: Any presence of excavated kernels 

decreases the efficacy of the regular or lower doses of grain protectant (based 

on either deltamethrine or pirimiphos-methyl) to the secondary storage pests 

C. ferrugineus and T. castaneum. To test both hypotheses, laboratory bioassay 

studies were conducted to explore the effect of seven mixtures of sound and 

damaged excavated kernels (when frass and dust were excluded by sieving) on 

the population development and efficacy of two doses of grain protectant 

insecticides (pirimiphos-methyl and deltamethrin) in sensitive strains of C. 

ferrugineus and T. castaneum. We included standard and lower doses to test 

the effect since dosage underestimation may occur due to mistakes, 

locally/temporally uneven spray application and natural decay of insecticide 

residues (LaHue, 1977; Kljaji´c and Peri´c, 2009). With a low water volume spray 

rate, it is likely that there is uneven deposition when grain is treated (Arthur, 

2019). The additional aim of our work was to analyse the distribution of 

protectant droplets on damaged kernels to determine the proportion of 

damaged kernels containing dyed insecticide droplets inside their cavities.  

2. Materials and methods  

The experiments presented here were arranged in the following workflow. 

Initially, the effect of various proportions of excavated-to- sound kernels in a 

sample on the thousand kernel weight (TKW) parameter was measured, and 

the insecticide dosage used in the subsequent experiment was adjusted 

accordingly. Then, an application of dyed insecticide was performed on grain 

damaged (in a defined way) by S. granarius to analyse the microdistribution of 

spray deposits on the kernel surface and to estimate the percent of damaged 

kernels containing droplets inside the kernel excavations. Finally, bioassay 

experiments included laboratory experimental validation of the effect of 

various proportions of damaged-to-sound kernels in each sample on the 

survival and development of two secondary pest species and on the efficacy of 

two doses of two insecticides.  

2.1. Experimental species  

Laboratory cultures of Sitophilus granarius, Cryptolestes ferrugineus and 

Tribolium castaneum were reared at the Crop Research Institute (CRI - Prague, 

Czech Republic). Cryptolestes ferrugineus and T. castaneum were reared for 

more than 15 generations without contact with insecticide. They originated 

from small organic farms; thus, we assumed that both beetle strains were 

insecticide-sensitive. Both species were reared on a mixture of milled wheat 

kernels, oat flakes, and yeast (10:10:2), covered by moistened filter paper. Both 

species were kept in thermo-chambers  

(Aviko Praha, Czech Republic) at 27 (±0.5) ◦C with 75 (±5) % relative humidity 

(r. h.). Sitophilus granarius was reared at 25 ◦C on cleaned wheat kernels that 

were dried and remoistened to 15% before application.  

2.2. Grain samples and TKW  

The effect of grain damage on grain weight was analysed using a thousand 

kernel weight (TKW) parameter. A required number of either sound or 

excavated kernels was counted using a Contador seed counter (Pfeuffer GmBH, 

Germany), and these excavated and sound (intact) kernels were subsequently 

mixed to obtain a desirable sound: excavated (S:E) kernel ratio. The S:E kernel 

ratios were 0:100, 5:95, 25:75, 50:50, 75:25, 95:5, and 100:0. For each of the 

seven S:E ratios, eight samples of 1000 kernels were prepared and weighed on 

an analytical scale (Adventurer Pro, Ohaus, USA).  

2.3. Distribution of insecticide droplets on treated grain kernels  

Adult mortality and larval development (and therefore insecticide efficacy) 

tightly depend upon whether excavations of the kernels provide refuge for the 

beetles. It is thus crucial to determine if insecticide spraying can deliver the 

insecticide into the excavation or not. Some kernels may be oriented with the 

excavation down (and thus not exposed to the spraying) (Stejskal et al., 2020a), 

or the excavation may be too small (yet still allowing beetles to enter) and thus 

the insecticide misses it (Fig. 1). For that reason, we sought to determine the 

insecticide distribution on excavated kernels, specifically the proportion of 

kernels with insecticide inside the excavations. To estimate (and visualize) the 

coverage of kernels by insecticide droplets, we sprayed the excavated kernels 

with coloured water with deltamethrin. The spraying procedure and number 

of sprayed grains were the same as in the experimental setup (see Section 2.4). 

One gram of purple food colour concentrated  
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Fig. 1. Examples of excavated kernels with the excavation on the bottom (i.e., insecticide-

unexposed) side (A) and with the excavation on the insecticide- exposed side. From these, 

the excavation without (B1) and with (B2) coloured insecticide droplets inside are shown.  

paste (Knightsbridge PME Ltd., Enfield, UK) was diluted in 250 mL water with a 

labelled dose of deltamethrin. After spraying, the kernels were left on filter 

paper for 24 h for the water to dry after which they were mixed, and 10 

samples consisting of 20 kernels were taken. The individual kernels were 

examined under an Olympus SZX10 stereomicroscope. Based on our previous 

work (Stejskal et al., 2020), we assumed that the positions of the droplets with 

insecticide on the kernel may affect the insecticide’s efficacy. Thus, we sought 

to determine if the kernel excavation hole was positioned at the top of the 

kernel, and if so, if it resulted in a droplet entering the hole.  

2.4. Grain protectants and experimental treatment  

To test the effect of kernel excavation on the efficacy of grain protectants, 

the substrate was treated with commercial formulations of commonly used 

pesticides for grain protection. They included (i) K- Obiol®EC25 (Bayer, 

Leverkusen, Germany), containing pyrethroid deltamethrin (25 g/l) + piperonyl 

butoxide (225 g/l), and (ii) Actellic®50 EC (Syngenta, Guildford, Surrey, UK), 

containing organophosphate pirimiphos-methyl (500 g/l). Because we found 

that excavated kernels have half the weight of the sound kernels (Fig. 2), which 

can have possible consequences in an underestimation of the insecticide  

 

Fig. 2. Relationship between average TKW (thousand kernel weight) and seven mixtures 

of sound (S) and excavated (E) wheat kernels in defined ratios. TKW decreased (and its 

variability increased) with the increasing portion of the Sitophilus granarius excavated 

kernels and decreasing sound kernels.  

dose used (in an extreme case by half) in practice, we used the label dose as 

well as half the label dose of both insecticides. Thus, K-Obiol®EC25 was tested 

at 5 and 10 ml per ton of grains, and Actellic®50 EC was tested at 4 and 8 ml 

per ton of grains. Because of the different weights of sound and excavated 

kernels, volume was used instead of weight. It was found that 1 kg of sound 

kernels ≈0.00136 m3. Both insecticides were applied as water solutions. They 

were sprayed by hand using a micro- sprayer (Nuohua, Taizhou, China – 

container 60 ml) on the surface of 0.00136 m3 kernels spread out on filter 

paper. Because the label amount of water dilutant needed to treat 0.00136 m3 

of grains was too small to cover the grains evenly, we followed the method 

suggested by Arthur et al. (2020) in such cases: we mixed the label amount of 

insecticide with an increased volume (i.e., 10 mL) of water. The control grain 

mixture was sprayed with water only.  

2.5. Preparation of mixtures of sound and excavated kernels  

The wheat used in the study was a mixture of undetermined cultivars 

purchased from a grain organic store (Czech Republic) in 2019. To prepare 

excavated (i.e., damaged by S. granarius) kernels used in various ratios as an 

experimental grain mixture, the kernels were desiccated, remoistened to 15% 

and placed in 5 L glass jars with 100 S. granarius adult individuals. The jars were 

kept in thermo-chambers in the dark at 26 ◦C. Every three months, new grain 

was added to replenish feeding substrate. After 12 months, which represents 

approximately four beetle generations, the kernels were sieved off using 

standard laboratory sieves with a mesh size of 2 mm to remove frass, hulls and 

other impurities. Further, the kernels were passed through a Contador seed 

counter (Pfeuffer GmBH, Germany) and only compact kernels were selected. 

Subsequently, three 10 g kernel samples were examined, which proved that 

nearly 100% of the kernels were internally damaged (i.e., either contained exit 

holes from S. granarius leaving the kernel or were extensively penetrated by 

beetle feeding; both types of damage are further referred to as kernel 

excavation irrespective of their mode of origin). Thus, all the sieved material 

was considered 100% damaged and was used as the damaged kernel substrate.  

To test the effect of kernel excavation on survival and progeny production 

(as defined in the context of testing grain protectants by Huang and 

Subramanyam, 2005) of T. castaneum and C. ferrugineus and on grain 
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protectant efficacy, a total of seven mixtures of sound (S) (= intact) and 

excavated (E) wheat kernels were used as breeding substrates. These were S:E 

ratios of 0:100, 5:95, 25:75, 50:50, 75:25, 95:5, and 100:0. Because we found 

that sound and excavated kernels differ in weight (Fig. 2), we did not use 

weight as a unit, but used volume instead. We tested the ability of the beetles 

to survive and reproduce (progeny production) on a grain mixture consisting of 

various proportions of sound and excavated kernels, as well as the efficacy of 

two residual insecticides on the mixtures. An optimal diet consisting of a 

mixture of milled wheat kernels, oat flakes, and yeast in a ratio of 10:10:2 was 

used as a control substrate. Thirty millilitres of the prepared mixtures were 

placed in a 100 ml plastic vial with a perforated cap covered by nylon mesh. 

The top of the inner walls of the vials were treated with synthetic 

fluoropolymer lubricant powder (polytetrafluoroethylene) (Sigma–Aldrich Co., 

St. Louis, USA) to prevent insects from escaping. Ten unsexed adults of T. 

castaneum or C. ferrugineus were introduced into each vial and kept in a 

climatic chamber (POL-EKO APARATURA, Poland) at 26 (±0.5) ◦C. Because of the 

possibility of evaporation of deltamethrin and pirimiphos-methyl from grain 

mass and the resulting possible effect as gaseous insecticide (Ileke and Bulus, 

2012), each of the substrate treatments and untreated substrates was placed 

in a separate climatic chamber. After 6 weeks, the vials were opened, the 

substrate was sieved, and the numbers of live/dead adults, larvae and pupae 

were counted under an Olympus SZX10 binocular microscope. For each 

substrate and species, eight replicates were performed.  

2.6. Statistics  

Differences in adult mortality, progeny production and TKW among 

substrates with different proportions of excavated kernels were tested with 

one-way ANOVA, followed by Tukey’s HSD post hoc test. This was carried out 

for each pest species separately. Differences in the efficacy of insecticides 

depending on the dose and proportion of excavated kernels were tested with 

a three-way factorial ANOVA with insecticide type, insecticide dose and grain 

mixture as factors. Because of the violation of normal distribution (tested by 

Kolmogorov–Smirnov test), the data on mortality and larval development were 

subjected to log(x+1) transformation before analysis. For simplicity, 

untransformed means and standard errors are reported in the text and tables. 

The analyses were conducted with Statistica 12.0 (Statistica, 2010).  

3. Results  

3.1. Thousand kernel weight (TKW) and mixtures of sound and S. granarius 

excavated kernels  

There was a clear effect of the proportion of excavated kernels in seven 

mixtures of sound and excavated kernel ratios on TKW (F6, 49 = 459.9; p < 0.05). 

The more excavated kernels there were in the mixture, the lower was the TKW 

(Fig. 2). The TKW decreased almost linearly, and its variability increased with 

the gradually increasing portion of the S. granarius excavated kernels and the 

decreasing sound kernels. It was quantified that in the 100% mixture of 

excavated kernels, the TKW was more than twofold lower in comparison with 

a 100% sound grain (14.8 ± 0.50 and 30.9 ± 0.13 g, respectively). Grains with 

5% damaged kernels had approximately 6% lower TKW than sound kernels 

(TKW ratio); grains with 25% damaged kernels had approximately 16% lower 

TKW (Fig. 2). For grain treatment protectants, this implies (since label dosage 

concerns the volume of insecticide per weight unit of grain) that mixtures with 

a higher portion of excavated kernels may contain up to double the number of 

kernels per identical grain weight.  

3.2. Distribution of insecticide droplets on the kernel surface and inside grain 

excavations  

The proportion of kernels with dyed insecticide droplets both on the 

surface and inside the grain excavations was estimated. Three basic patterns 

of droplet micro-distribution on the surface of excavated kernels are visualized 

in Fig. 1. It was found that from a set of 200 examined kernels, 49.5 ± 2.9% of 

all excavated kernels were without insecticide inside the excavations. Of the 

total number, 43.0 ± 2.6% kernels were prevented from possibly receiving any 

single droplet inside the excavation cavity because the excavation hole was 

facing downwards (Fig. 1A) during the spray treatment. From the remaining 

(57.0 ± 2.6%) kernels that had excavation holes that were facing upwards 

during the spray treatment (Fig. 1B), the vast majority (i.e., 86.0 ± 1.8%) 

contained the insecticide droplet inside the excavation (Fig. 1B1), and only 14.0 

± 1.8% of those excavations were without the insecticide droplets (Fig. 1B2).  

3.3. Development of C. ferrugineus and T. castaneum on mixtures of sound 

and excavated kernels  

The survival and progeny production of T. castaneum and C. ferrugineus 

were affected by the number of excavated kernels in a respective mixture of 

sound and excavated kernels. Both species thrived best on grain mixtures 

consisting of only excavated kernels, although the number of progeny was 

lower than that in the control diet (Tables 1 and 2 for T. castaneum and C. 

ferrugineus, respectively). Generally, an increasing proportion of excavated 

kernels to sound kernels increased the number of progeny (Fig. 3). Apparently, 

excavated kernels represent suitable breeding substrates for both secondary 

pest species, and their presence in grain mass may support their population 

growth. Thus, Hypothesis 1 was not rejected.  

In both species, on grain mixtures with 25% or less of excavated kernels, 

there was no or only negligible progeny production, so these ratios of 

excavated and sound kernels did not allow the populations to  

Table 1  

Survival and progeny production (means ± SEs) of Tribolium castaneum on wheat grain 

mixtures with different proportions of excavated and sound kernels. Within each column, 

means followed by the same letter are not significantly different; Tukey’s HSD post hoc 

test at 0.05.   
Substrate  Proportion of 

excavated 

kernels (%)  

Live 

adults  
Dead 

adults  
Larvae  Pupae  Total 

number  
of 

progeny  

Optimal diet 

(Control)  
N/A  10.0 ± 

0.0a  
0.0 ± 
0.0a  

194.3  
± 3.7a  

6.9 ± 
1.3a  

201.1 ± 
3.8a  

Mixture of 

sound and 

excavated 

kernels  

100  

95  

10.0 ± 

0.0a 

10.0  

± 0.0a  

0.0 ± 

0.0a  

0.0 ± 
0.0a  

118.8 ± 

6.8 ab  

86.0  
± 3.6b  

0.25  
± 
0.16b  

0.1 ± 
0.13b  

119 ± 
6.9 ab  

86.1 ± 
3.5b  

 75  10.0 ± 

0.0a  
0.0 ± 
0.0a  

38.25  
± 5.8c  

0.0 ± 
0.0b  

38.25 ± 
5.8c  

 50  7.4 ± 

0.68a  
2.6 ± 

0.68b  
5.7 ± 

1.57 d  
0.0 ± 
0.0b  

5.7 ± 1.57 
d  

 25  1.5 ± 

0.82b  
8.5 ± 

0.82c  
0.75  
± 
0.53e  

0.0 ± 
0.0b  

0.75 ± 
0.53e  

 5  0.0 ± 
0.0c  

10.0 ± 

0.0c  
0.0 ± 
0.0e  

0.0 ± 
0.0b  

0.0 ± 
0.0e  

 0  0.0 ± 
0.0c  

10.0 ± 

0.0c  
0.0 ± 
0.0e  

0.0 ± 
0.0b  

0.0 ± 
0.0e   

  F7,56  
= 
109.0  

F7,56  
= 
158.4  

F7,56  
= 
274.5  

F7,56  
= 
63.4  

F7,56 = 
276.2   

  p < 
0.001  

p < 
0.001  

p < 
0.001  

p < 
0.001  

p < 
0.001   

Table 2  

Survival and progeny production (means ± SEs) of Cryptolestes ferrugineus on wheat grain 

mixtures with different proportions of excavated and sound kernels. Within each column, 

means followed by the same letter are not significantly different; Tukey’s HSD post hoc 

test at 0.05.   
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Substrate  Proportion of 

excavated 

kernels (%)  

Live 

adults  
Dead 

adults  
Larvae  Pupae  Total 

number  
of 

progeny  

Optimal diet 

(Control)  
N/A  10.0 ± 

0.0a  
0.0 ± 
0.0a  

42 ± 
3.2a  

8.0 ± 
1.9a  

50.4 ± 
4.0a  

Mixture of 

sound and 

excavated 

kernels  

100  

95  

75  

10.0 ± 

0.0a  

8.6 ± 
0.50a  

8.5 ± 
0.27a  

0.0 ± 
0.0a  

1.4 ± 
0.50a  

1.5 ± 
0.27a  

10.9 ± 

1.4b  

9.0 ± 
1.8b  

6.8 ± 
1.3b  

0.0 ± 
0.0b  

0.0 ± 
0.0b  

0.0 ± 
0.0b  

10.9 ± 
1.4b  

9.0 ± 
1.8b  

6.8 ± 
1.3b  

 50  7.6 ± 

0.63a  
2.4 ± 

0.63a  
3.3 ± 

0.49c  
0.0 ± 
0.0b  

3.3 ± 

0.49c  

 
25  3.25  

± 
1.13b  

6.75  
± 
1.13b  

0.5 ± 

0.27 d  
0.0 ± 
0.0b  

0.5 ± 0.27 
d  

 5  0.0 ± 
0.0c  

10.0 ± 

0.0b  
0.0 ± 
0.0 d  

0.0 ± 
0.0b  

0.0 ± 
0.0 d  

 0  0.0 ± 
0.0c  

10.0 ± 

0.0b  
0.0 ± 
0.0 d  

0.0 ± 
0.0b  

0.0 ± 
0.0 d   

  
F7,56  
= 
60.6  

F7,56  
= 
20.8  

F7,56  
= 
117.9  

F7,56  
= 
280.4  

F7,56 = 
125.4   

  p < 
0.001  

p < 
0.001  

p < 
0.001  

p < 
0.001  

p < 
0.001   

grow. Thresholds of the proportion of excavated to sound kernels permitting a 

stable population (i.e., the number of progeny of the 10 introduced adults was 

≥10) estimated from quadratic equations were 53.9% and 98.6% for T. 

castaneum and C. ferrugineus, respectively. On mixtures with a low proportion 

of excavated kernels, there was also high adult mortality (Tables 1 and 2).  

3.4. Efficacy of formulations with pirimiphos-methyl and deltamethrin in 

mixtures of sound and excavated kernels  

One hundred percent efficacy was found for the tested label dosages of 

both commercial formulations with pirimiphos-methyl (Actellic®50 EC) and 

deltamethrin (K-Obiol®EC25) irrespective of species and tested ratio mixtures 

of sound to excavated kernels. However, using a half-label dosage of both 

protectants was less efficient and permitted adult survival and even progeny 

production of both tested species (T. castaneum and C. ferrugineus) on the 

mixtures with a higher proportion of excavated than sound grains (Tables 3–

6). Thus, Hypothesis 2 was rejected for the recommended label dosage of both 

insecticides but was not rejected for the half label dosage. There were 

differences between formulations of insecticides: deltamethrin (K-Obiol) was 

more efficient than pirimiphos- methyl (Actellic) (F1,196 = 268.5, p < 0.05 for T. 

castaneum and F1,196 = 24.3, p < 0.05 for C. ferrugineus). In the case of a half 

dose of pirimiphos- methyl formulation, there were live larvae of both species 

present in 100% and 95% excavated mixtures, while in the case of 

deltamethrin, there were only a few larvae in the 100% excavated mixture (in 

all cases, there were significantly fewer progeny than in the untreated 

substrates; ANOVA: p < 0.05; Tables 3–6). In addition to the live larvae, we 

observed many dead larvae (not counted) of lower instars in the mixtures in 

which live adult beetles were present. Apparently, the beetles were capable of 

finishing part of the reproduction cycle (from eggs to young larvae) in the 

treated mixtures of grain with large proportions of excavated kernels, but 

young larvae died soon after hatching. Live adults were present in grain 

mixtures with 50% and more excavated kernels, but only in mixtures treated 

with a half label dose; in mixtures treated with a label dose, there was 100% 

adult mortality in all mixtures.  

 

Fig. 3. Regression plots depicting the relation between the proportion of excavated 

kernels and progeny production in (A) Tribolium castaneum and (B) Cryptolestes 

ferrugineus.  

4. Discussion  

This work evaluated, to our knowledge for the first time, the effect of the 

presence of various proportions of damaged (=excavated by primary pest 

species) kernels vs. sound kernels on the efficacy of any type of grain 

protectant insecticide based on pirimiphos-methyl and deltamethrin. In 

addition, it also evaluated the survival and progeny production abilities of two 

secondary pests (C. ferrugineus and T. castaneum) depending on the 

percentage of damaged kernels per grain weight unit.  

4.1. Kernel excavations and TKW  

The application of insecticides according to labels is based on the correct 

determination of the dose according to the weight of the grain being treated. 

Damage caused by internally feeding pests leads to a decrease in the weight of 

individual kernels and dramatically increases grain volume and its surface 

relative to its weight. For example, Campbell and Sinha (1976) documented 

experimentally that developing from egg to pupa, S. granarius causes 60% 

weight loss on a single kernel, while R. dominica causes 17% weight loss. Thus, 

infestation by various pests may have a possible impact on the correct dosage 

of grain protectants under both experimental and practical conditions. For that 

reason, it is crucial to accurately characterize the degree of grain damage. 

Alonso-Amelot and Avila-Núnez (2011) ˜ stressed that there are at  



T. Vendl et al.                                                                                                                                                                                                                                   Journal of Stored Products Research 99 (2022) 102022 

   53 
 

Table 3  

Survival and progeny production (means ± SEs) of Tribolium castaneum on wheat grain 

mixtures with different proportions of excavated and sound kernels treated with two 

doses of deltamethrin (K-Obiol). * symbolizes cases that are different from untreated 

substrate (ANOVA: p < 0.05).   
Proportion of excavated 

kernels (%)  
Dose  Live 

adults  
Dead 

adults  
Larvae  Pupae  

100  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
10.0 ± 
0.0  

0.0 ± 
0.0  

1.1 ± 
0.4*  

0.0 ± 
0.0  

95  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0*  

0.0 ± 
0.0  

75  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
8.9 ± 
0.3*  

1.1 ± 
0.3*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

50  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
6.2 ± 
0.5  

3.8 ± 
0.5  

0.0 ± 
0.0*  

0.0 ± 
0.0  

25  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

5  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

0  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0   

Table 4  

Survival and progeny production (means ± SEs) of Tribolium castaneum on wheat grain 

mixtures with different proportions of excavated and sound kernels treated with two 

doses of pirimiphos-methyl (Actellic). * symbolizes cases that are different from untreated 

substrate (ANOVA: p < 0.05).   
Proportion of excavated 

kernels (%)  
Dose  Live adults  Dead 

adults  
Larvae  Pupae  

100  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 label  8.4 ± 
0.6*  

1.6 ± 
0.6*  

19.4 ± 
2.2*  

0.0 ± 
0.0  

95  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 label  8.4 ± 
0.6*  

1.6 ± 
0.6*  

13.4 ± 
2.2*  

0.0 ± 
0.0  

75  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 label  7.8 ± 
0.5*  

2.2 ± 
0.5*  

0.5 ± 
0.3*  

0.0 ± 
0.0  

50  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 label  3.4 ± 
0.8*  

6.6 ± 
0.8*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

25  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

5  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

0  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0   

Table 5  

Survival and progeny production (means ± SEs) of Cryptolestes ferrugineus on wheat grain 

mixtures with different proportions of excavated and sound kernels treated with two 

doses of deltamethrin (K-Obiol). * symbolizes cases that are different from untreated 

substrate (ANOVA: p < 0.05).   
Proportion of excavated 

kernels (%)  
Dose  Live 

adults  
Dead 

adults  
Larvae  Pupae  

100  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
8.6 ± 
0.5*  

1.4 ± 
0.5*  

0.5 ± 
0.3*  

0.0 ± 
0.0  

95  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
8.6 ± 
0.5  

1.4 ± 
0.5  

0.0 ± 
0.0*  

0.0 ± 
0.0  

75  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
7.4 ± 
0.7  

2.6 ± 
0.7  

0.0 ± 
0.0*  

0.0 ± 
0.0  

50  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
4.6 ± 
0.7*  

5.4 ± 
0.7*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

25  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0  

0.0 ± 
0.0  

5  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

0  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0   

Table 6  

Survival and progeny production (means ± SEs) of Cryptolestes ferrugineus on substrates 

with different proportions of excavated and sound kernels treated with two doses of 

pirimiphos-methyl (Actellic). * symbolizes cases that are different from untreated 

substrate (ANOVA: p < 0.05).   
Proportion of excavated 

kernels (%)  
Dose  Live 

adults  
Dead 

adults  
Larvae  Pupae  

100  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
9.0 ± 
0.4*  

1.0 ± 
0.4*  

1.6 ± 
0.6*  

0.0 ± 
0.0  

95  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
7.5 ± 
0.8  

2.5 ± 
0.8  

1.6 ± 
0.4*  

0.0 ± 
0.0  

75  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
7.3 ± 
0.7  

2.7 ± 
0.7  

0.0 ± 
0.0*  

0.0 ± 
0.0  

50  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0*  

0.0 ± 
0.0  

 1/2 

label  
6.6 ± 
0.9  

3.4 ± 
0.9  

0.0 ± 
0.0*  

0.0 ± 
0.0  

25  Label  0.0 ± 
0.0*  

10.0 ± 
0.0*  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
1.4 ± 
0.7  

8.6 ± 
0.7  

0.0 ± 
0.0  

0.0 ± 
0.0  

5  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

0  Label  0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0  

 1/2 

label  
0.0 ± 
0.0  

10.0 ± 
0.0  

0.0 ± 
0.0  

0.0 ± 
0.0   

least seven ways to accurately assess the degree of damage to stored cereal 

grain. Since thousand kernel weight (TKW) is the most routinely used 

parameter in practice, it was also selected for our experiments. In our 

experiments, we determined that different mixtures of S. granarius excavated 

kernels and sound kernels can differ significantly in TKW. In the simulated 
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extreme case, i.e., samples with 100% healthy grains versus samples in which 

all grains had internal excavation caused by S. granarius, there was up to a 

twofold difference in TKW for both types of samples. This part of our work has 

shown that if the dose of grain protectants is not compensated for in terms of 

TKW when applied to lots with damaged grains (which are lighter than healthy 

grains and therefore there are many more per unit weight of grain), then it may 

affect the dosage per number of seeds. Weight grain damage may be an issue 

in some developing countries. For example, Alonso-Amelot and Avila-Núnez 

(2011) ̃  estimated the average losses caused by infestation of Sitophilus oryzae 

in wheat after 90 days of exposure; the weight losses ranged from 5.9 to 9.6%, 

and 10–18% kernels were damaged. However, problems with local presence of 

highly damaged kernels may also occur in developed countries since insects 

and losses in the entire batch of commodities are not uniformly distributed. 

They are much higher in spots of pest aggregation (Plarre, 1996; Mehta et al., 

2021). In addition, highly infested and damaged kernels can come with 

imported commodities (Stejskal et al., 2020b). 4.2. Distribution of droplets on 

excavated kernels  

One of the important factors of grain protectant efficacy is their spatial 

distribution in the grain mass. In the last decade, a number of researchers have 

addressed the effect of partial treatment of cereals with different types of 

insecticidal protectants on their efficacy. Daglish et al. (2018) warned that the 

uneven distribution of pesticide grain protectants might lead to the occurrence 

of zones within the grain bulks that are underdosed or even untreated, which 

allow insect infestation. Although some authors (Minett and Williams, 1971; 

Subramanyam et al., 2014) found that complete control of storage pests can 

be achieved if only a certain proportion of the kernels receive chemical 

treatment, several other authors claimed regular insecticide distribution 

throughout the commodity mass is a necessity (Kavallieratos et al., 2015; 

Arthur, 2019; Scully et al., 2021). For example, the results obtained for a 

deltamethrin protectant showed that long exposure times and treatment of an 

entire rice mass may be necessary to completely control T. castaneum 

(Kavallieratos et al., 2015).  

The aim of our work was not to study insecticide coverage differences 

among different parts of the seed mass (macro-distribution). However, we 

currently focused our research interests on nonuniformities in the micro-

distribution of dyed spray insecticide droplets on kernel surfaces (particularly 

in excavations) damaged by the primary pest S. granarius. From our 

experiments, it was apparent that when static grain samples were sprayed 

from above (top-down), relatively little proportion of the treated kernels 

(approximately 50%) received insecticide into their excavations. The main 

reason was that a high proportion of kernels are always oriented with the 

excavation or exit hole down (Stejskal et al., 2020a), and they inherently cannot 

be exposed to top-down spraying. This uneven micro-distribution of the 

insecticide may theoretically provide a chance for individuals of secondary 

pests to actively hide inside the excavated seeds and thus avoid the treated 

surface parts of the grain.  

Hoy et al. (1998) stressed that insects have been frequently confronted in 

nature with situations where toxins and repellents are not distributed spatially 

uniform on host plants. Thus, they may evolve adaptations that allow them to 

avoid toxic parts of host plants. A prerequisite for effective avoidance of toxins 

by arthropods are their morphological climbing adaptations (Vendl et al., 2019) 

as well as behavioural adaptations such as increased motility and activity (Jian, 

2019). It was laboratory proved the ability of storage Coleoptera pests to avoid 

pyrethroid insecticide residues applied on stored grain (Velez ́  et al., 2017) and 

protective nets (Morrison et al., 2018). Behavioural avoidance may occur at 

either entire population or individual level (Morales et al., 2013). Published 

works thus indicate that there is a risk that storage pests may actively avoid 

treated parts of the grain even under field conditions. Since our experiment 

addresses only the micro-distribution of the insecticide itself on the kernel 

surface, further detailed behavioural experiments are needed to confirm 

whether the altered behaviour (i.e., avoidance of kernel surface covered with 

toxic droplets and feeding inside untreated kernel cavities) of secondary pests 

can be observed in interaction with treated grain kernels.  

4.3. Kernel excavation and secondary pest development  

Grain dockage (impurities, moulds, grain dust, grain fragments, and frass; 

Jian, 2022) may support populations of so-called secondary externally feeding 

pests (Flinn et al., 1992; Shah et al., 2021). This work first showed that wheat 

kernels damaged (excavated) by the primary internally feeding pest S. 

granarius can support the development of externally feeding secondary pests 

C. ferrugineus and T. castaneum, even without the presence of frass and other 

dockage or foreign materials. Under laboratory conditions, Campbell and Sinha 

(1976) estimated that when insects were allowed to develop from egg to pupa, 

S. granarius caused 60% and R. dominica caused 17% weight loss in a single 

wheat kernel. This indicates that even after the complete development of 

internally feeding pests, some unconsumed parts of endosperm and germ 

remain inside the kernel cavities. However, our experiments found that the 

population develops only in mixtures with a higher proportion of damaged 

kernels. This result thus indicates that the secondary pests required multiple 

damaged kernels or grain dockage to support their successful breeding in the 

particular area/aggregation of the infested grain. Further work is needed to 

elucidate the effect of the combined presence of excavated kernels with frass 

(Skourti et al., 2020) and some other organic impurities, such as dockage and 

foreign materials (Jian, 2022), on the development of secondary pests and their 

interactions with grain protectants.  

In contrast to the work of some other authors (e.g., Rumbos et al., 2018), 

in our work, no survival or progeny production of either tested secondary pest 

species or populations was found on completely clean and sound wheat 

kernels at the tested humidity and temperature. The reasons for the different 

survival and progeny production of various secondary pests on sound grain 

should be addressed in more detail in subsequent works. In our view, this issue 

may have implications for the general methodology of testing grain protectants 

(Arthur and Morrison, 2020; European and Mediterranean Plant Protection 

Organization, 2004a, b). Most likely, more extensive characterization of the 

grain kernels used, apart from crop grain botanical species variety (Athanassiou 

et al., 2009), should be provided in grain protectant studies. The studies should 

include - for the treated and untreated (control) variants – the defined level of 

biological/physical damage of kernels and percent of dockage or foreign 

materials as defined by Jian and Zhang (2022).  

4.4. Kernel excavations and insecticide efficacy  

Chemical interventions in grain stores include preharvest treatment of 

empty grain stores with residual surface sprays and application of grain 

protectants (Arthur and Subramanyam, 2012; Stejskal et al., 2021). Despite 

cleaning efforts, there are always some damaged grain residues that may host 

high numbers of pest populations of primary and secondary pests (Kucerova et 

al., 2003; Arthur et al., 2006; Tilley et al., 2014, 2017), and thus, they may 

contain a high proportion of heavily damaged and excavated kernels. This may 

be one of the reasons why it was documented that the efficacy of preharvest 

chemical treatment of empty stores may be negatively affected by improper 

sanitation (Morrison et al., 2019). For example, Tilley et al. (2014) found that 

cyfluthrin application as a residual insecticide to grain elevator boots did not 

provide full control of C. ferrugineus, S. oryzae, and R. dominica. As far as 

insecticide grain protectants are concerned, most experimental laboratory or 

semi-field works are conducted on sound grain, free from any storage pest 

damage (Arthur, 1996; Kavallieratos et al., 2015). There are also field 

experimental works that describe the differential potential of various types of 

grain chemical protectants to prevent or decrease seed damage and injury 

(Giga et al., 1991; Huang and Subramanyam, 2005). However, none of the 

above or other published papers contain information on the effect of damaged 

kernels or impurities on the effectiveness of the grain protectant itself. Thus, 

our work documents for the first time that the presence of excavated kernels 



T. Vendl et al.                                                                                                                                                                                                                                   Journal of Stored Products Research 99 (2022) 102022 

  55 
 

can negatively affect the efficacy of grain protectants. We found that the 

application of grain protectant at a full dose did not result in survival or progeny 

production in sensitive laboratory populations of C. ferrugineus and T. 

castaneum. However, when the dose was halved in our experiments, survival 

and progeny production occurred on treated grain mixtures that contained a 

higher proportion of kernels with excavation. This may have implications for 

the efficacy of the products in practice. Pest interaction with a lower than 

labelled rate can occur not only due to technologically poor or erroneous 

application (e.g., poor dilution, miscalculated grain weight, uneven application, 

insecticide drift into the environment, etc.) but also over time with each correct 

application, when pesticide residues in the grain naturally degrade 

(weeks/months) (Noble et al., 1982). Thus, our work indicates that if pest 

invasion of damaged grain patches occurs several weeks or months after 

treatment with grain protectants, when there is already 50% degradation of 

insecticide residues, then some secondary pest species may survive or even 

reproduce.  

5. Conclusion remarks  

This work found that completely clean and sound wheat kernels may – 

under conditions in our experiments – prevent survival and progeny 

production in the tested species. The work indicates that the current label 

dosage of both grain protectants seems to be robust enough that the presence 

of excavated grain does not decrease the efficacy of the tested formulations 

on insecticide-sensitive populations/strains of both tested species. However, 

the tested combination of lower than label doses and a high proportion of 

excavated kernels was a reason for decreased efficacy even in insecticide-

sensitive strains of C. ferrugineus and T. castaneum. The effect of kernel 

excavation in the presence of frass on the efficacy of grain protectants remains 

to be further explored. To make more general conclusions, a similar 

consequent study is needed on another primary (Prostephanus sp., 

Rhyzopertha sp. or Sitophilus spp.) and secondary pest species from the taxa 

Psocoptera, Acari, Coleoptera, and Lepidoptera. The presence of resistant 

populations (Baliota et al., 2022) in interaction with damaged grain may also 

profoundly change the insecticide properties of grain protectants; therefore, 

this interaction should also be explored experimentally in the future.  

From a practical point of view, this work is of particular importance for the 

refinement of laboratory test methodologies for testing grain protectants and 

implies some conclusions for their application in field conditions. The work 

points out the importance of the preparation of treated and control grain 

samples in terms of defining the content of broken seeds or kernels damaged 

by pests. This qualitative parameter can influence the survival of some 

secondary pests in both control and treated samples. Furthermore, the work 

indicates the importance of good storage practices in terms of cleanliness and 

quality of stored grain. A high proportion of unclean and broken grain - in 

particular excavated kernels - can negatively affect the effectiveness of applied 

grain protectants, especially if the residue content of the active ingredient is 

reduced below the level prescribed in product labels and instructions.  
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5. Summary and discussion 

 

An increase in the world population, climate change, and loss caused by insect pests to the grain 

during storage is a significant challenge for food security (Skendžić et al., 2021). It is reported that 

insect pests in storage and field cause damages worth approximately $100 billion annually 

(Yallapa et al., 2012). 

In the past few decades, stored product pests have become more significant in Europe (Stejskal et 

al., 2014). Chemical treatment and temperature modification have traditionally been the primary 

methods to manage storage pests (Toews et al., 2006). Even if pesticides typically do not surpass 

the legally permitted Maximum contaminant levels, harmful pesticides are restricted because of 

today's society's sensitivity to pesticide traces in food. The only solution is discovering non-

chemical alternates and combining those with an Integrated Pest Management strategy. 

 Based on the above issues, current pest management strategies try to integrate various techniques 

as an alternative to the synthetic pesticides to manage stored product pests. One of the main current 

challenges is to cope with resistance developed by stored product pests to existing pesticides. It is 

the need of the time to work on innovative ways and raise the understanding of integrated stored 

pest management techniques which are sustainable, effective, and environmentally friendly. 

This doctoral dissertation is divided into three parts related to non-chemical pest control: a) using 

nitrogen hypoxic atmospheres/controlled atmospheres for the protection of durable commodities; 

b) impact of physically disturbed/destructed kernels on storage pests, biology, and control. c) 

utilizing botanical extracts/ essential oils for stored product pests. Basis for the work is five 

separate scientific articles. 

5.1 Nitrogen hypoxic atmospheres 

Many scholars have stated that there isn't sufficient scientific evidence on using nitrogen for their 

numerous real-world applications because of the difficulty of using controlled atmospheres to 

preserve agricultural products. This study assessed different hypoxic and anoxic nitrogen 

atmospheric settings for treating two important stored-product pests in a lab setting and outdoors 

in silos.  
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The goal of an N2 hypoxic atmosphere is to provide environments with high nitrogen 

concentrations and low or no oxygen levels that are fatal to the storage pests. Anoxic environments 

can be used for stored food pests employing various techniques or methods as an efficient and 

environmentally friendly pest management approach (Stejskal et al., 2021; Navarro and Navarro, 

2020; Carvalho et al., 2012). 

A controlled atmosphere not only prevents insect pests but also helps to preserve the quality of 

stored food (Ren et al., 2012; Carvalho et al., 2012). In several ways, inert gases' physical benefits 

vary from those of most other gaseous pesticides (Mitcham et al., 2009; Zhou et al., 2022; Liu, 

2022). Inert gases, therefore, have an advantage over traditional insecticide-resistant pest 

populations and their ecological benefits. Examples include the latest demonstrations by Sakka et 

al., (2020) and Agrafioti et al., (2022) of the strong prospect of hypoxic environments to control 

populations of most phosphine-resistant insect species. Controlled atmospheres are also emerging 

in biosecurity and Phyto-quarantine management plans (Zhao et al., 2021). To be effective, a 

stable supply of high-dose nitrogen must be maintained to control stored product pests completely 

(Navarro and Navarro, 2020). 

The first article aims to find a better technique for controlling internally stored grain insects such 

as S. granarius and C. chinensis. Both species develop inside the grain and are significant pests of 

grains and legumes (Park et al., 2003; Kalpna et al., 2022) that are difficult to control with 

traditional fumigants and chemicals.  Therefore, this study focused on the issue of maximizing the 

period of administration to hypoxia nitrogen settings for managing two significant storage pests in 

both lab and small-silos environments. A hypoxic nitrogen atmosphere with different 

concentrations of N2 gas from 95-100% was tested against all developmental phases of both 

species in laboratory and field conditions from 1-20 days of exposure. Because there are indices 

that CA work better in a laboratory but may not show the same results in the field (Jay, 1984), we 

tested whether the controlled atmosphere treatment is effective in both laboratory and field 

conditions. According to our lab results, C. chinensis and S. granarius adults represented the most 

sensitive developmental phases, similar to other results produced by different investigators for 

various stored grain insect pest species. For instance, Hashem et al., (2022) discovered that mature 

bruchids A. obtectus were much more susceptible to the exposure of hypoxia/hypercapnia, which 

resulted in 100% fatality within three days of exposure.  The results from our lab and field 
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experiments show that 99% nitrogen concentration is effective for all the developmental stages of 

both pests. Thus, we proved that nitrogen hypoxic environment is suitable for control of S. 

granarius and C. chinensis 

5.2 Physically disturbed/destructed kernels impact storage pests, biology, and control. 

In the second part of thesis, we for the first time, have experimented with how physically damaged 

grains by the primary pests, Rhyzopertha dominica and Sitophilus granarius, affect the growth and 

effectiveness of grain protectants against the secondary pests. Both the pests (R. dominica and S. 

granarius) are internal feeders and are very difficult to control through traditional pest 

management practices. A critical issue in the food industry is food protection during storage. It 

mostly depends on a comprehensive knowledge of the biology, habitat, and activity of various 

insect pests that attacked the stored grains. The results and outcome are further described in the 

below section. 

The second article aims to identify the relationship between the frass produced by the primary pest 

R. dominica and how it affects the secondary pest’s population growth of Tribolium castaneum, T. 

confusum, and Oryzaephilus surinamensis. All tested species are significant pests of stored grain 

in Czechia (Stejskal et al., 2014). Such study was performed for the first time because there was 

no data available on the specific effect of the frass produced by primary pests on developing other 

secondary pests. The experiment was based on the hypothesis that basic cereal materials, 

regardless of their actual shapes, i.e., intact seed, cracked seeds, or powder, are less supporting 

foods than frass for all the tested species. Our findings support those of further writers, which 

indicated that the physical form of wheat substrates significantly influences the life cycle of 

secondary storage pests. According to Kavallieratos et al., (2017), cracked grains and frass impact 

secondary pests' behavior, interactions, and birth rates.  

Our results show that O. suinamensis and T. castaneum grow better on frass than on broken kernels 

or flour, while T. confusm grows equally on frass and flour. Our findings demonstrated that wheat 

frass, regarding the quality of food and compatibility for the studied organisms, fell in between the 

ideal diet combination and conventional regular grain diets, like broken cereal kernel or flour. 

Thus, our experiments also suggested that R. dominica frass provides a rich feed for secondary 

pests rather than just grain powder comprising feces and edible waste particles. Based on our 

findings, the following conclusions are drawn. 1) The presence of frass produced by the primary 
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insect positively helps the development of examined secondary insects than whole grain, broken 

kernel, or powder. 2) The stored grain must be kept clean from frass and R. dominica to discourage 

the growth and population of the secondary pests. 

Article third is linked to the second experiment. It is clear from our experiment and Lampiri et al., 

(2022) that the frass and damaged grains produced by primary pests support the population growth 

of secondary pests. This study was performed for the first time to know how the primary insect 

damages caused to grains affect the growth of the secondary insects and the ability of the chosen 

kernel protectants. Apart from the frass and dust produced by internally feeding insects, it also 

makes holes and cavities in the grains, which provide shelter and food accession for secondary 

pests such as Cryptolestes ferrugineus and Tribolium castaneum. Moreover, the cavities may also 

influence the performance of the grain protectants (pirimiphos-methyl & deltamethrin) due to pits, 

holes, and various kinds of grains (Athanassiou et al., 2009). 

Our findings revealed that a high ratio of damaged grains supports the growth of both secondary 

insects even without the frass's presence and will require a high dose of grain protectant to control 

the pests. The primary pests cause severe damage to the stored grains, especially in developing 

countries (Egwatu, 1987). The influence of cracked kernels or contaminants on the grain 

protectant's efficacy is not discussed in any published research. Our research thus provides the very 

foremost evidence that the existence of hollowed grains decreases the effectiveness of grain 

protecting insecticides. For susceptible lab cultures of both secondary pests, we discovered that 

the treatment of grain protective agents at the recommended level could ultimately control these 

insects. Furthermore, when we applied half of the recommended dose in our experiment, 

endurance and offspring exhibition took place on the sprayed seed mixture with a higher 

percentage of damaged grains. This might influence how effectively the products work in real-

world situations.  

Our research thus suggests that several secondary insect species might flourish or increase if pest 

infestation on damaged grain portions happens a few months after spraying since chemical 

breakdown has already reached 50%. On the other hand, the storage of completely clean and 

undamaged grains may prevent the infestation of the tested insects. The effect of grain protectants 

on the damaged grains in the presence of frass needs to be explored. 
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5.3 Botanical extracts as repellent. 

The third part deals with of utilizing botanical extracts, gels, and essential oils for managing 

agricultural and stored grain pests because the pests have developed resistance to most synthetic 

pesticides. The plant's secondary metabolites, which comprise terpenoids and monoterpenoids, can 

be utilized as a substitute for synthetic pesticides to manage stored product pests (Wang et 

al., 2019; Chaudhari et al., 2021). 

Article fourth (Review) aims to discover new ways of using chemicals and botanical extracts for 

the management of agriculture, stored food, medical, and public health-relevant pests in the form 

of gels that are environmentally friendly and safe to the non-target organism. Because other 

traditional types of pesticides such as synthetic liquid, dust, fumigants, and powder are dangerous 

for the pest and non-target organisms (humans, pets, livestock), the long residual effect remains 

active in the environment, causing a negative impact on health. The primary concern is using 

innovative formulation methods such as encapsulation, nanotechnology, and gels because pests 

are developing resistance to the traditional formulation types, due to which the whole group of 

active ingredients is banned. Suppose the usage of gels formulation is adequately utilized. In that 

case, it will be safe for the environment and non-target organisms and increase the efficacy and 

residual effect of the chemical against the selected pests. Gels have the unique properties of holding 

and releasing active ingredients for a long time (Mishra et al., 2018). Gels can also monitor other 

stored product pests such as bait and antifeedant. Because phytochemicals are biodegradable and 

do not accommodate the environment, nowadays, more focus is on using botanical extracts to 

manage stored product pests in the limelight. But the main drawback of phytochemicals is their 

short residual effect after application (Turek and Stintzing, 2013). Applying botanical insecticide 

in gel form may increase stability and control the release of the active ingredient.  

The chemical business is presently facing many significant obstacles. The biggest challenges are 

the lack of active compounds due to public opinion, shifting social needs, and growing insect 

resistance to various practical pesticide components. Creating novel pesticide formulations with 

higher biocompatibility or more effective delivery of the active chemical to the areas of action may 

offset the declining number of active compounds. Along with conventional chemical applications, 

novel gel compositions could be a solution to tackle the abovementioned issues and difficulties.   
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The fifth article is linked to the fourth. In this study, we practically applied five botanical extracts 

to verify their repellency against C. maculatus, one of the severe pests in storage pulses (Kalpna et 

al., 2022). The spread of such pests and legumes over international borders is a significant cause 

of food losses in many regions (FAO). The primary source of protein in developing countries is 

legumes. According to the outcomes of this research, Azadirachta indica and Melia 

azedarach have the potential to control C. maculatus, so these phytochemicals may also be helpful 

in the development of innovative biopesticides. Our findings supported some prior researchers 

(Atawodi and Atawodi, 2009) who found that A. indica repels insects and stops them from feeding. 

International research has also demonstrated a considerable repellency efficacy of M. 

azedarach for treating stored grain pests (Naimi et al., 2022). These phytochemicals can be 

combined with other control methods to lower ecological pollution and health risks because of 

their remarkable and strong repellent properties against C. maculatus. Additionally, employing 

these natural ingredients may provide a fresh approach to bruchids control. According to reports, 

using botanicals and biocides to control stored product pests is an eco-sustainable, publicly 

appropriate, and financially viable strategy. Botanical pesticides can be used as a replacement for 

synthetic pesticides and grain fumigants. 
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6. Conclusions 

This doctoral dissertation consists of three sections. 

The first section deals with utilizing a nitrogen-hypoxic environment to manage two important 

stored grain pests: Sitophilus granarius and Callasobruchus chinensis, which developed 

resistance to most pesticides. The results consist of lab and field experiments. The lab results 

showed that 10-20 days of treatment led to 100% suppression of all the developmental phases of S. 

granarius and C. chinensis with 99% and 100% nitrogen concentrations. In contrast, 95% nitrogen 

concentration was inadequate for the 100% control of both species at specified temperatures and 

humidity. In the lab tests, nitrogen-hypoxic 99% concentration was even more effective than 100% 

nitrogen concentration for the complete control of both species. According to model investigation 

in enclosed silos without significant temperature variations or direct sunlight warming effects, a 

targeted hypoxic concentration above 99% can be successfully attained in only one day of nitrogen 

beginning purification and retained steadily for the following 10-20 days. According to bio testing, 

both treatment schedules (Ten + One and Twenty + One days) completely controlled all 

developmental stages of both species in the predetermined environmental circumstances. The 

application of nitrogen-hypoxic conditions in small silos for very brief exposure times can thus be 

considered an effective strategy for eliminating C. chinensis and S. granarius species in tiny silos 

with a size comparable to a typical cargo container. 

The second section involves discovering the association of intact grain-feeding activity of primary 

pests Rhyzopertha dominica and Sitophilus granarius with the biology of secondary pests 

(Tribolium castaneum, T. confusum, and Oryzaephilus surinamensis) and grain protectants against 

secondary pests (Cryptolestes ferrugineus and T. castaneum). 

The lab results showed that all three tested insect species, T. castaneum, T. confusum, and O. 

surinamensis, could feed and multiply on the frass produced by R. dominica and could not feed on 

intact grain. In conclusion, our study provides scientific evidence that secondary pests, including T. 

confusum, T. castaneum, and O. surinamensis, may survive and multiply in populations of wheat 

frass generated by R. dominica. Thus, our findings suggest several functional implications for 

grain storage pest evaluation and control. Frass may assemble from earlier outbreaks and feed 

existing colonies of secondary pests; therefore, it is important to frequently check storages for dust 

and frass even when there are no primary pests. 
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According to the results of our grain protectant research, wheat kernels that are clean and sound 

may be able to stop the tested species from surviving and producing offspring under the setting of 

our studies. Our research showed that the present label dose from both grain protection insecticides 

was quite compelling, and the existence of damaged grain does not reduce the performance of the 

experimented doses against secondary pests. Furthermore, the evaluated mixture of smaller than 

labeled amounts and many damaged kernels was a factor in reduced efficacy. 

The third section includes the utilization of botanical extracts for the control of Callosobruchus 

maculatus. 

Extracts from five plant species and six different concentrations were used in this experiment for 

the repellency effect against the C. maculatus. The results demonstrated that Azadirachta 

indica and Melia azedarach extracts recorded the highest repellency effect. The repellency 

increases with the increase in dose. According to our findings, at any dosage, A. indica and M. 

azedarach extracts may replace pesticides used to control stored grain insects. In conclusion, we 

have covered all the hypotheses and achieved all the goals in this doctoral dissertation. 
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