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ABSTRACT

Maize is an important cereal crop in Bangladesh due to its high demand in the feed industry, human consumption, and starch production. One of the majors inhibits to maize production is fall armyworm, Spodoptera frugiperda J. E. Smith (Lepidoptera: Noctuidae) is an invasive and devastating pest of maize in Bangladesh. This study was therefore undertaken to establish the occurrence of fall armyworm and its effect on maize production. In the study “A”, (Chuadanga, Jhenaidah, Kurigram, Nilphamari, Rajshahi, Rangpur, and Thakurgaon districts) two treatments were applied viz. T1 = Seed treatment with cyantraniliprole (Fortenza) + alternate spray with SfNPV (Fawligen), emamectin benzoate (Proclaim) and chlorantraniliprole (Coragen) and T2 = Untreated control. The result showed that the maize plant in the treated plots with pesticides gave the highest vegetative growth characteristics, low leaf infestation and highest maize yield than those plots that were left without pesticide treatment (pesticide-free- infested by FAW larvae). However, the treatment showed better results than the control. In the study “B”, (Rajshahi and Dinajpur districts) three treatments were applied viz. T1= Maize intercropped with cowpea, T2= Maize intercropped with coriander T3= Sole maize with recommended spacing (60cm). Several predatory and pollinator insects were observed in the intercropped field. Foliage damage was higher in the mono-crop maize field than in the intercropped field. Cob damage did not vary significantly among the treatments but varied among the locations. Yield contributing characters varied among the treatments, especially locations. Higher yield and economic return were attained from intercropped treatments. Therefore, it can be concluded that intercropped with cowpea or coriander suppresses the fall armyworm on maize tolerable, creating an environment for beneficial insects and increase net return. 
Key words: Fall armyworm, Yield, SfNPV, Cyantraniliprole, Chlorantraniliprole, Emamectin benzoate, Intercrops 
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CHAPTER I

INTRODUCTION

Maize (Zea mays) is a cereal crop belonging to the family Poaceae and the order Cyperales. It was one of the most important food grains in the world and the third most important cereal crop after rice and wheat. In Bangladesh, maize became second after rice according to acres and production, followed by wheat from 2021 to 2022 (BBS, 2022). Maize was a great combination of low production cost, high market demand, and high yield, which has generated great interest in maize cultivation among farmers. Farmers were shifting to maize cultivation from rice and wheat due to the low cost of production, higher profitability, high demand in the poultry industry, and less risk-averse crops (Kausar and Alam, 2016). It is gaining popularity daily in the country due to vast demand, particularly for the poultry industry (Karim et al., 2018). The commercial production of maize in Bangladesh started in the early 1990s, and since then, it has been increasing and has become a major cash crop (Uddin et al., 2010).

In Bangladesh, the maize area covered was 4,76, 492 hectares and production were 4.26 million MT during 2021-22 (BBS, 2022). Current maize productivity is below its potential. The low yield is attributed to a combination of several production constraints mainly lack of improved production technologies such as pest management practices, moisture stress, low fertility and poor cultural practices (Tufa and Ketema, 2016). Arthropod pests are among the key factors contributing to low yields facing maize production today. More than 40 species of insects have been recorded on maize in the field. Of these pests, the maize stalk borer (Busseola fusca), spotted stalk borer (Chilo partellus), and various termite species (Macrotermes and Microtermes spp.) have long been recognized as key pests, but a more recent invasive species, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), commonly named fall armyworm (FAW), is now the major insect pest causing substantial yield losses of maize in Ethiopia (Assefa and Ayalew, 2019). Now days, Bangladesh is facing FAW as a major pest.  

Fall armyworm is native to tropical and subtropical regions of the Americas (Sparks, 1979), where it is recognized as one of the most damaging crop pests. Fall armyworm larvae damage the crop at different stages of growth, from early vegetative to physiological maturity. It cuts down young plants and also causes damage to the leaves, giving them a ragged, torn appearance. The caterpillar, which feeds inside whorls, is capable of destroying developing tassels and silks. It can also eat growing kernels, which can lower yields by causing direct losses, exposing cobs to secondary infections, and reducing the quantity and quality of grain (Sarker and Dutta, 2022). Without adequate management measures, the fall armyworm (FAW), which has already spread to 44 countries in Africa, has the potential to reduce annual maize production by 8 to 20 million tons in 12 African maize growing countries (Kumbhar et al., 2022). In Argentina, food security was threatened by the highest yield loss (72%), and a range of maize yield losses of 15-73% incurred by FAW was the common case (Hruska and Gould, 1997). In Bangladesh, nearly 30-35% of maize fields are infested by fall armyworms which caused 5% cob infestation in the year 2019 (CIMMYT, 2020). Up to 39% yield loss was observed in the Kharif season (March 2022) planting maize in Bangladesh (BWMRI Annual Report, 2021-22). This forecast is indeed a challenge and calls for immediate action.

The management of this pest by any sole method is almost impossible. So, different techniques of pest management as an IPM packages are the best way for FAW management in the field. Using of resistant varieties of maize, intercropping with different leguminous crops, using parasitoids for controlling the population of egg and larva, adopting proper cultural practices, use of light trap, hand picking and destroying egg and larval stages in small scale are the most used management strategies in many parts of the world (Khatri et al., 2020). 

Intercropping is the cultivation of two or more crop species simultaneously in the same field (Francis, 1989). Such cultivation systems that increase plant diversity in the field have been shown to reduce pest populations and are widely used for pest control (Brooker et al., 2015; Letourneau et al., 2011). Certain crops and their arrangements will help disrupt host locations by pests and act as repellents or deterrents, reducing oviposition on host crops (Nalyanya et al., 2000; Khan, 2010). Studies on the effects of intercropping on FAW have primarily focused on maize-based intercropping systems. Several studies have also documented that maize–legume intercropping can reduce the damage of FAW (Hailu et al., 2018; Udayakumar et al., 2021; Guo et al., 2022). Field studies in Uganda indicated that the infestation levels of FAW in maize fields intercropped with edible legumes were significantly lower than those of monocropped maize (Hailu et al., 2018). A comparative experiment from India on the FAW control of maize intercropping with five different legume crops also showed that maize–legume intercropping has a definite effect on reducing FAW damage in maize (Udayakumar et al., 2021).

Insecticidal treatments can protect maize yield by controlling FAW populations, thereby preventing significant defoliation and reducing the impact of larval feeding on maize productivity (Onstad et al., 1999). The choice of insecticide for fall armyworm control in maize depends on factors such as efficacy, residual activity, environmental considerations, and resistance management. Pyrethroids, organophosphates, and newer chemistry insecticides are among the options used for controlling fall armyworm in maize crops (Sisay et al., 2018). Integrated pest management (IPM) approaches that incorporate biological control, cultural practices, and the judicious use of insecticides are encouraged to minimize environmental impacts (Chapman et al., 2016). Appropriate timing of insecticide application for effective pest control is very important, both in the life cycle and timing of spraying (Day et al. 2017). In the year of fall armyworm introduction, farmers have resorted to 2 to 3 sprays of different insecticides without knowledge of their efficacy. The fall armyworm larva feeds by remaining most of its life in the whorl of maize, thus reducing its contact with insecticides (FAO, 2018). At present, the Central Insecticide Board and Registration Committee recommend the use of chlorantraniliprole 18.5 SC, thiamethoxam 12.6% + lambda cyhalothrin 9.5 % ZC, and spinetoram 11.7 SC (DPPQS, 2019) for fall armyworm management. Spinosad, chlorantraniliprole, azadirachtin, emamectin benzoate are the most frequently used pesticides for fall armyworm management (Gahatraj et al., 2020). Monitoring the resistance is a vital component of insecticide resistance management, which aims to identify the initial resistant individuals as well as cross-resistance, if any, among the population (Brent, 1986; Dennehy et al., 1990). 

However, the use of highly hazardous and broad-spectrum insecticides might threaten these local natural enemies and it is important to minimize their use by developing, promoting and deploying proven and sustainable biopesticides against S. frugiperda, under Integrated Pest Management (IPM) strategies (Agboyi et al., 2023). Several biopesticides are available for the control of S. frugiperda, for instance, the oil extracted from seeds of the neem tree (Azadirachta indica L.) has recently been shown to be effective and even relatively cheap at controlling this pest (Babendreier et al., 2020). Products based on Bacillus thuringiensis (Bt) have also been shown to be effective and generally a considerable number of biopesticides are available in African countries, with numbers increasing over the last few years (Bateman et al., 2021). The objective of this study is therefore (i) to determine the impact of fall armyworm outbreaks on small-scale maize farmers including maize yield, and (ii) to exploit pesticide efficacy and practicing intercrop (cowpea and coriander) in a maize to combat fall armyworms.

CHAPTER II

REVIEW OF LITERATURE

The fall armyworm (Spodoptera frugiperda) is a species in the order Lepidoptera and one of the species of the fall armyworm moths distinguished by their larval life stage. The term "armyworm" can refer to several species, often describing the large-scale invasive behavior of the species' larval stage. It is regarded as a pest and can damage and destroy a wide variety of crops, which causes large economic damage. Its scientific name derives from frugiperda, which is Latin for lost fruit, named because of the species' ability to destroy crops. In its larval stage, individuals gather in huge masses (‘armies’), which can destroy large tracks of crops. So, it is called ‘armyworm. FAW is native to South and North America, but alien invasive in Africa. It was first detected in Bangladesh in late 2018. As of 23 January 2020, it has reached 37 districts (FAO, 2021). It is a polyphagous pest (Baudron et al., 2019) that causes damage to economically important cultivated cereal crops such as maize, sorghum, cotton, rice and various vegetable crops and eventually impacts food security (FAO, 2017; CABI, 2018a; Bateman et al., 2018).

2.1 Taxonomy of fall armyworm

The fall armyworm is active at a different time of year from the true armyworm, another species in the order Lepidoptera and family Noctuidae, but of the genus Mythimna. It is an important notorious pest. It is a voracious pest of maize. The Spodoptera genus has 31 species in the world (Visser, 2017).

Taxonomic Tree

           Kingdom: Animalia

                  Phylum: Arthropoda 

                           Class: Insecta 

                                   Order: Lepidoptera                                    

                                           Family: Noctuidae 

                                                  Genus: Spodoptera
                                                         Species: S. frugiperda (J. E. Smith, 1797)

2.2 Biology of S. frugiperda

The fall armyworm has several generations per year, with the life cycle consisting of egg, six to seven larval instars, pupa, and adult. In areas of the southern United States, six or more generations per year may occur (Luginbill, 1928). The larvae predominantly feed on crops and pastures from the Poaceae (grass) family, in particular maize, but also sorghum, cereals, turf grasses, forage grasses and rice. The pest can also feed on non-grass crops such as peanuts, cotton, vegetables and some fruit crops. FAW is known for its ability to disperse and migrate long distances, which enables it to exploit new habitats and expand its range. So, it is important to know the biology of FAW to control this pest.

2.2.1 Food resources of FAW

The armyworm's diet consists mainly of grasses and grain crops such as corn, but the species has been noted to consume over 80 different plants (50 non-economic and 30 economic plants (Ashley, 1979). Armyworms earned their common name by eating all plant matter they encountered in their wide dispersals, like a large army. A few sweet corn varieties have partial, but not complete, resistance to armyworms. The resistance comes from a unique 33-kD proteinase that the corn produces when it is being fed on by fall armyworms or other larvae. This protein was found to significantly decrease fall armyworm larva growth. (Pechan et al., 2000).

2.2.2 Generations of FAW

The fall armyworm is widely distributed in eastern and central North America and South America. It cannot survive to overwinter in below-freezing temperatures. The number of generations occurring in an area varies with the appearance of the dispersing adults. In this species, the ability to diapause is not present. In Minnesota and New York, where FAW moths do not appear until August, there may be a single generation. The number of generations is reported to be one to two in Kansas, three in South Carolina, and four in Louisiana. In coastal areas of north Florida, moths are abundant from April to December, but some are found even during the winter months (Capinera et al., 2020). The duration of FAW generation is substantially influenced by the environmental conditions combined with adequate food availability. Reproduction is efficient in tropical regions, which attained several generations within a cropping cycle because of warm temperatures. Whereas in the temperate regions, barely a few generations are attained. For instance, in some tropical and subtropical regions specifically in regions without frost, it can produce 10 generations within a year (Assefa and Ayalew, 2019).
2.2.3 Life cycle and development

The fall armyworm's life cycle is completed within 30 days during summer, and 60 days during the spring and autumn seasons; during the winter, these caterpillars' life cycle lasts about 80 to 90 days (Van Allen et al., 2017) The number of generations a moth will have in a year varies based on climate, but in her life span a female will typically lay about 1,500 eggs. Because larvae cannot enter into diapause, they cannot survive cold temperatures. The first larval instar is light colored with a larger dark head. As they develop through instars, they become browner with white lengthwise lines. They also develop dark spots with spines. (Johnson, 1987)

Egg

The egg is dome-shaped; the base is flattened and the egg curves upward to a broadly rounded point at the apex. The egg measures about 0.4 mm in diameter and 0.3 mm in height. (Prasanna et al., 2018). The number of eggs per mass varies considerably but is often 100 to 200, and total egg production per female averages about 1500 with a maximum of over 2000. During summer the duration of the egg stage is two to three days (Johnson, 1987). The eggs of the fall armyworm are creamy white (Bajracharya and Bhat, 2019).

Larva

The larvae go through six different instars, each varying slightly in physical appearance and pattern. Depending on temperatures, the larva process lasts from 14 to 30 days. The newly hatched larvae are observed to be burrowing in nature (CABI, 2017c). The newly hatched caterpillars at the first and second instar are green in colour which turns brown to black colour at the third to sixth instars. Fourth to sixth instar larvae are brownish black and have three white dorsal lines (Sharanabasappa et al., 2018). During the first instar stage, young larvae move to the whorl and feed on the underside of the young leaves causing a characteristic 'windowing' effect (CABI, 2018). Obok et al. (2020) reported that, in the second and third instar stages, larvae are usually cannibalistic, and thus one or two larvae per whorl. The mature larva has a white inverted “Y” shaped mark on the front. Its epidermis is rough or granular in texture (Prasanna et al., 2018) with four dark raised spots in the form of a square (CABI 2018b). Larger larvae are nocturnal unless they enter the armyworm phase when they swarm and disperse, seeking other food sources. According to Capinera (2000), the 1–6 instar has a head capsule with 0.35, 0.45, 0.75, 1.3, 2.0, and 2.6 mm wide, and body lengths are about 1.7, 3.5, 6.4, 10.0, 17.2, and 34.2 mm, respectively.

Pupa

The larvae then pupate underground for 7 to 37 days in a cocoon they form soil and silk. Duration and survival of the pupal stage depend on the temperature of the environment (Sparks, 1979). The duration and survival of the pupal stage depend on the temperature of the environment. Pupation normally takes place in the soil, at a depth of 2 to 8 cm. Pupae are oval shaped, reddish brown in colour and form a cocoon of 20-30 mm in length (CABI 2018b). According to Silva et al. (2017), pupae are usually 15 mm long and are found in the soil in cocoons. During the summer, duration of the pupal stage is about eight to nine days, but it reaches 20 to 30 days during the winter in Florida. The pupal stage of FAW cannot withstand protracted periods of cold weather. For example, Pitre and Hogg (1983) studied winter survival of the pupal stage in Florida, and found 51 percent survival in southern Florida, but only 27.5 percent survival in central Florida, and 11.6 percent survival in northern Florida.

Adult
Once emerged, the adults live for about 10 days, and sometimes up to 21 days, with the female laying most of her eggs early in life. (Sparks, 1979).  Adults are nocturnal and fare best during warm and humid nights. The adult moths vary in colour and wingspan (32 to 40 mm). According to Assef and Ayalew (2019), male moths have shaded grey and brown forewings with triangular white spots at the tip and near the center of the wing which is absent in female moths. The forewings of females are less distinctly marked, ranging from a uniform grayish brown to a fine mottling of gray and brown. The hind wing is iridescent silver-white with a narrow dark border in both sexes. Generally, the female moth is bigger in comparison to the male moth. The moths are migratory in nature and can fly over long distances through travel (CABI, 2018).

 2.3 Nature of damage

Larvae cause damage by consuming foliage. Young larvae initially consume leaf tissue from one side, leaving the opposite epidermal layer intact. By the second or third instar, larvae begin to make holes in leaves, and eat from the edge of the leaves inward. Feeding in the whorl of corn often produces a characteristic row of perforations in the leaves. Larval densities are usually reduced to one to two per plant when larvae feed in close proximity to one another, due to cannibalistic behavior. Older larvae cause extensive defoliation, often leaving only the ribs and stalks of corn plants, or a ragged, torn appearance. Marenco et al. (1992) studied the effects of fall armyworm injury to early vegetative growth of sweet corn in Florida. They reported that the early whorl stage was least sensitive to injury, the midwhorl stage intermediate, and the late whorl stage was most sensitive to injury. Further, they noted that mean densities of 0.2 to 0.8 larvae per plant during the late whorl stage could reduce yield by 5 to 20 percent.

According to Tefera et al. (2019), FAW damage in many crops is similar to that caused by other caterpillars. The larvae can cause defoliation, damage to reproductive structures or stem damage, and can cause significant damage and yield loss in some crops. The amount of damage will depend on the crop stage at which the eggs hatch, the intensity of the infestation, the yield potential of the cropping situation, and a range of other factors, including the prevalence of natural enemies. Larvae cause damage by consuming foliage. Initially, young larvae consume leaf tissue from one side, leaving the opposite epidermal layer intact. Larvae begin to make holes in leaves and eat from the edge of the leaves inward by the second or third instar. Feeding in the whorl of corn often produces a characteristic row of perforations in the leaves. Due to cannibalistic behavior, larval densities are usually reduced to one to two per plant when larvae feed in close proximity to one another. Older larvae cause extensive defoliation, often leaving only the ribs and stalks of corn plants, or a ragged, torn appearance (Capinera, 2017; FAO, 2019).

According to Reddy (2019), extensive defoliation can be observed with the excessive faecal material left over on the plant due to the voracious feeding nature of larval instars at the severe stage. Growth and development of crops are stopped which results in no cob or tassel formation. The faecal of the fall armyworm looks like sawdust-like materials in the maize funnel or on the leaves, at the end (CABI, 2018b).

Pannuti et al. (2015) studied larval feeding behavior and reported that although young (vegetative stage) leaf tissue is suitable for growth and survival, on more mature plants the leaf tissue is unsuitable, and the larvae tend to settle and feed in the ear zone, and particularly on the silk tissues. However, silk is not very suitable for growth. Larvae attaining the corn kernels display the fastest rate of development. Also, although the closed tassel was suitable with respect to survival, it resulted in poor growth. Thus, tassel tissue may be suitable for initial feeding, perhaps until the larvae locate the silk and ears, but feeding only on tassel tissue is suboptimal. 

Evans and Stanly (1990) reported that, plant infested with fall armyworm between the first and second weeks after germination resulted in a yield reduction of up to 22.6% while the yield of plant infected three and four weeks after germination were intermediate without any particular trend. Adult larvae feed on the growing point of the shoot and tassel thus resulting in 'dead heart' which eases back fruit formation which eases back fruit formation (Bateman et al., 2018).

2.4 Management practices of S. frugiperda

2.4.1. Cultural method
Cultural methods are non-chemical measures that involve the manipulation of the agro-ecosystem so as to suppress pest build up beyond the threshold level that may cause economic losses. These measures include; sanitation, scouting and monitoring, weeding, fertilization, intercropping, crop rotation, mulching, tillage and push-pull technology. 

Cultural control is an important component of pest management strategies including FAW. Sole maize cropping systems offer favorable environment to FAW to spread fast. FAW adult female moths find the preferred conditions to lay egg masses and increase the number of generations within a season, favoring increased levels of infestation. Plant diversity, including intercropping systems and the use of multiple varieties, can reduce the rate of oviposition by confusing the FAW female moth, therefore helping reduce the level of infestation (FAO, 2018). Selection of resistant varieties and genetically modified seeds play a vital role in controlling fall armyworms (Burtet et al. 2017). Firake (2019) demonstrated that intercropping of maize with legume crops (e.g., Maize + pigeon pea/black gram /green gram) can be effective to control fall armyworm. A recent study has established that a climate-adapted version of Push-Pull, an already widely used technology developed by icipe and partners is effective in controlling the fall armyworm, providing a suitable, accessible, environmentally friendly and cost-effective strategy for management of the pest. These findings represent the first documented report of a readily available technology that can be immediately deployed in different parts of Africa to efficiently manage the fall armyworm. The study revealed fall armyworm infestation to be more than 80% lower in plots where the climate-adapted Push Pull is being used, with associated increases in grain yields, in comparison to monocrop plots. The findings were supported by farmers' perceptions through their own observations regarding significantly reduced presence of fall armyworm in Push-Pull plots (Midega et al., 2018). Similarly, most of subsistence farmers in Africa do not apply pesticides to maize to control pests; nevertheless, they do practice cultural control methods which deter or kill pests, such as maize intercropping, handpicking and killing of caterpillars, application of wood ashes and soils to leaf whorls (Tsedeke et al., 2000). Survey conducted in Ethiopia and Kenya showed that 14% and 39% of the farmers practiced cultural methods (such as handpicking) for FAW managements (Teshome et al., 2018). According to Rivers et al. (2016), conservational tillage is also beneficial to control fall armyworm infestation in the Americas as it promotes crop diversification and provides favorable habitat for predatory species. A study in Uganda showed that intercropping maize with food legume crops can reduce fall armyworm damage levels by 30% with beans, 21% with soybean and 31% with groundnut (Hailu et al., 2018).

2.4.2. Physical and mechanical method

Some smallholder’s maize farmers in Bangladesh employed hand picking and crushing of FAW which has been considered as a possible control option. However, the success of this methods depends on farm size, availability of labor and level of infestation. According to Firake et al. (2019), egg masses and neonate larvae are hand-picked and destroyed by crushing or immersing in kerosene water. Abate et al. (2000) reported that the application of wood ashes and dry sand into the whorl of affected maize plants soon after observation of FAW incidence is also a very effective mechanical method to control the infestation. During the vegetative stage of a plant, removing larvae of a fall armyworm reduces the number of insecticidal sprays required during the silking period (Foster, 1989). Hardke et al. (2015) reported that the standard bucket trap with a green canopy, yellow funnel, and the white bucket has been the most effective for capturing the moths of the fall armyworm.
2.4.3. Biological method

Biological control can be considered as a powerful tool and one of the most important alternative control measures providing environmentally safe and sustainable plant protection. The success of biological control will depend on understanding the adaptation and establishment of applied biological control agents in agricultural ecosystems. Microbial pathogens and arthropod biocontrol agents have been successfully used in agricultural systems. They are safe for non-target vertebrates and for the environment, and production costs have been significantly reduced in recent times as they are mass produced in liquid media (Mahmoud, 2017).

Even though biological control may not replace conventional insecticides a number of parasitoids, predators and pathogens readily attack larval and adult stages of FAW.

2.4.3.1. Parasitoids and predators 

The migratory behaviour of the FAW away from over-seasoning and reproduction sites makes the natural enemies less efficient. Various insects have been reported parasitizing S. frugiperda larvae and eggs. Ashley (1979) listed 53 species of parasitoids reared from S. frugiperda eggs and larvae. Only 18 of these are common to the continental United States, while 21 are present in South America and Central America, including Mexico. Ashley (1986) studied the impact on S. frugiperda population of eight native and one imported parasite in south Florida. These included: Apanteles marginiventris, Campoletis grioti, Chelonus insularis, Meteorus autographae, Ophion spp., Rogus laphygmae, Ternelucha spp. and Eiphosoma vitticole (imported). Although 63% of the first four larval instars were destroyed by parasitoid, they concluded that S. frugiperda has the reproductive potential to increase its population beyond regulation by native parasites. In Mexico nine species of hymnopteran parasitoids and five species of dipteran parasitoids were recovered from FAW larvae. In hymnopteran parasitoids, five species belonged to the family Braconidae, three species belonged to the family Ichneumonidae, and only one species belonged to the family Eulophidae were recovered. In dipteran parasitoids four species of belonged to the families Tachinidae and one species belong to Phoridae were recovered (Rui’Za’Jera et al., 2007). Molina-Ochoa et al. (2003) recorded eleven species from three families of Hymenoptera: seven Braconidae, three Ichneumonidae and one Eulophidae from FAW larvae. According to Capinera (2005), Cotesia marginiventris and Chelonus texanus (both Hymenoptera: Braconidae), are the most commonly reared wasp parasitoids from larvae of FAW in the United States. Among fly parasitoids, Archytas marmoratus (Diptera: Tachinidae) is the most abundant larval parasitoids in United State. In Kenya Tachinid fly Archytas marmoratus was the main parasitoid with 12.5% parasitism. Charops ater and Coccygidium luteum were commonly occurred parasitoids in Kenya and Tanzania with parasitism ranged from 6 – 12% and 4 – 8.3%, respectively (Birhanu et al., 2018). The predators of FAW are general predators that attack larvae of other lepidopterans. The most important predators of FAW include various ground beetles (Coleoptera: Carabidae); the striped earwig, Labidura riparia (Pallas) (Dermaptera: Labiduridae); the spined soldier bug, Podisus maculiventris (Hemiptera: Pentatomidae); and the insidious flower bug, Orius insidiosus (Hemiptera: Anthocoridae) (Capinera, 2001). Among the vertebrate predators, birds, skunks, and rodents are important ones that feed on larvae and pupae of FAW (Capinera, 2005).
2.4.3.2. Entomopathogens 

The development of resistance to synthetic insecticides is one of the driving forces for changes in insect pest management (Mahmoud, 2017). The use of microbial control is a potentially valuable alternative to chemical pesticides with their high cost, possible pest resurgence, development of resistance, and environmental contamination (Lezama Gutiérrez et al., 2001).
Entomopathogens may be used to supress insect population in at least three ways: (1) optimization of naturally occurring diseases, (2) introduction and colonization of pathogens into insect population as natural regulatory and (3) repeated application of pathogens as microbial insecticides (Wayne et al., 1980). 

Fall army worm is susceptible to at least 16 species of entomopathogens including viruses, fungi, protozoa, nematodes and bacteria (All et al., 1996; Wayne et al., 1980). Among the pathogens, Bacillus thuringiensis, Metarhizium anisopliae and Beauveria bassiana are cause significant level of mortality in FAW population and help to reduce leaf defoliation in crops (Molina-Ochoa et al., 2003). 

Fungal pathogen such as M. anisopliae and B. bassiana can cause a common disease in FAW larvae (Molina-Ochoa et al., 2003). Many of them occur naturally in fall armyworm population. Some cause natural epizootics (Wayne et al., 1980). Molina-Ochoa et al. (2003) recorded 3.5 % FAW larval mortality in Mexico due to naturally occurring entomopathogens and parasitic nematodes. The authors recovered three species of entomopathogenic fungi representing two different classes, Hyphomycetes (Nomuraea rileyi, and Hirsutella sp.) and Zygomycetes (Entomophthora sp.) from FAW larvae, and additional two species of Hyphomycetes (Metarhizium anisopliae and Beauveria bassiana) from soil samples.

2.4.4 Biorational control method

Biorational pest control under protected cultivation is an important tool for pest control in an economically and ecologically sound way. The term bio-rational is derived from the two words biological and rational, referring to pesticides of natural origin that have limited or no adverse effects on the environment or beneficial organisms. Bio-rational pesticides, which include botanicals, minerals, minimum risk pesticides, hot pepper wax and garlic extract, and synthetics, are becoming popular owing to environmental awareness and consumer concern.

Microorganisms
Among biological control agents, S. frugiperda nuclear polyhedrosis virus (SfNPV) is believed to have great potential to control this pest (Gardner et al., 1984; Hamm et al., 1994, 1997; Valicente and Costa, 1995; Cruz et al., 1997; Cruz 2000). SfNPV belongs to the family Baculoviridae. Baculoviruses are reported to be highly specific, virulent, and safe to non-target organisms (Moscardi, 1999; Fuxa, 2004; Barrera et al., 2011). Different isolates of SfNPV have been used for biological control of FAW worldwide, with efficacies higher than 80%, demonstrating its potential to control the pest (Martínez et al., 2012; Behle and Popham 2012; Gómez et al. 2013). In natural conditions, the pest becomes infected by ingesting contaminated (maize leaf) food (CABI, 2020). After ingestion, polyhedral inclusion bodies (PIB) dissolve in an alkaline midgut, while infectious virions are released. These virions can cause infection in midgut epithelium cells and start multiplying in the nucleus (Prasanna et al., 2018). Further, these viruses are distributed in the body cavity and start infecting other tissues, i.e., tracheal matrix, adipose tissue, epidermal, even including malpighian tube, blood cells, and salivary glands, which leads to its death in 6 to 8 days after ingestion compared to a healthy caterpillar; an infected one with nucleopolyhedroviral only eats 7% of food (Valicente et al., 1988). Sensitivity depends much on larval instar as it was reported that, the LC50 of Fall armyworm larvae to SfNPV increased tenfold from 2nd to 5th and even more drastically for the 6th instar (Escribano et al. 1999). However, the SfMNPV has a good ability to manage FAW (Behle et al., 2012; Gómez et al., 2013; Haase et al., 2015). SfNPV is specific to FAW larvae. A commercial formulation of SfNPV called CORPOICA was developed in Colombia for the biological control of FAW (Villamizar, 2015). Fawligen is another commercial baculovirus-based biopesticide (Active Ingredient: Polyhedral occlusion bodies of S. frugiperda MNPV-3AP2) produced by AgBiTech, USA, and released into the market for the management of FAW (AgBiTech, 2021). One of the most widely used biopesticides for pest control is Bacillus thuringiensis (Bt) Berliner (Polanczyk et al., 2000). According to De-Bortoli et al. (2019), these bacteria are gram-positive and soil-dwelling that aid in producing crystal proteins known as delta endotoxins, which are naturally insecticidal. Fall armyworm has increased susceptibility to Bt aizawai and Bt thuringiensis (Polanczyk et al., 2000) compared to Bt kurstaki, which is efficient against numerous lepidopteran pests (Silva et al., 2004). Bentivenha et al. (2018) reported that FAW strains resistant to chemical insecticides and Bt proteins were susceptible to the S.  frugiperda nucleopolyhedrovirus (SfNPV) recently.

Botanicals

The use of botanical pesticides is considered as a substitute to hazardous synthetic pesticides such as pyrethroid and organophosphorus pesticides due to the disturbance in the environment, increasing user cost, pest resurgence and pest resistance to pesticide (Arya and Tiwari, 2013). As a result of serious impacts of the use of persistent and deleterious insecticides, research on the identification of eco-friendly and locally available alternative tools for pest control has been agenda of entomologist. Because of affordability and availabilities, farmers of developing countries used botanical insecticides for centuries to control insect pests of both field crops and stored produce (Schmutterer, 2009).
Botanical insecticides are not only effective against crop pests but remain safer to natural enemies. Among many botanicals, plants such as Azadirachta indica, Milletia ferruginea, Croton macrostachyus, Phytolacea docendra, Jatropha curcas, nicotine, rotenon and pyrethrum were successfully used to control insect pests (Schmutterer, 2009; Addisu et al., 2014). Some of these plant species possess one or more useful properties such as repellency, anti-feeding, antijuvenile hormone activity, oviposition/ hatching deterrence, antifertility or growth disrupters, biodegradability and ability to reduce insect resistance (Metcalf, 1992; Mochiah et al., 2011).

Melia azadirachata belongs to the family Meliaceae are one of the potential bioactive plants extensively studied in laboratory and also in field against several insect pests and vectors (Charleston, 2004). The compound cisdehydrocrotonin isolated from Croton macrostachyus bark inhibits the growth of lepidopteran pests (Viegas, 2003). In rural areas of Ethiopia, Schinus molle is commonly used to drape branches over their head believing to repel housefly, Musca domestica. The traditional belief on repellent activities and also feeding deterrent was confirmed by two choice laboratory bioassay methods against houseflies (Wimalaratne et al., 1996).

Local farmers have claimed that botanical extracts from local plants are beneficial for pest control (Prasanna et al. 2018). According to Souza et al. (2010) plant oils obtained from Corymbia citriodora, Eucalyptus urograndis and Eucalyptus urograndis had positive effects on protecting maize plants from fall armyworm larvae. According to Souza et al. (2010) plant oils obtained from Corymbia citriodora, Eucalyptus urograndis and Eucalyptus urograndis had positive effects on protecting maize plants from fall armyworm larvae. Tavares et al. (2010) conducted an experiment that shows under laboratory conditions botanical pesticides caused 80% mortality.

According to Asmare (2006), botanicals like N. tabacum and J. curcas were found superior and better than untreated controls in reducing insect damage and increasing yield of maize Similarly, extracts of many plants show insecticidal activity against FAW, but relatively few have been successfully commercialized.

The aqueous extract of neem seed cake is more toxic than the leaf extract which is usually used by farmers to control S. frugiperda (Silva et al., 2015). According to Afonso and Teixeira (2003) the mortality level of S. frugiperda caterpillars was low during the first three days, after initial feeding, and high by 10 days using an aqueous extract of neem leaves.

Globally, there are registered products on rotenone, garlic, nicotine, ryanodine and quassia extracts (Guerrero et al., 2014). The products may be formulated with water and sprayed in the same way as chemical pesticides. In Brazil neem aqueous extract was prepared, and used as a control agent for the FAW. Extract of chinaberry is used by Paraguayan farmers for FAW control. In Costa Rica a preparation of garlic extract, neem and detergent also reported to be effective for FAW control (Abrahams et al., 2017b).

2.4.5 Chemical method

Chemical pesticides are synthetic chemical compound that is used to kill or repel insect and pest which are invasive and causes damage to the crop. Different insecticides and pesticides are reported to be effective against FAW. Fotso et al. (2019) reported that some insecticides used to control FAW include carbamate 23 insecticides namely methomyl, methyl parathion, pyrethroid insecticide, cyfluthrin and organophosphate insecticide. Recently, insecticides belonging to the chemical diamides group are widely used to control pests in many commercial crops worldwide (Adams et al. 2016). Diamides were labeled for use over 10 years ago (Jeanguenat, 2013) and are classified in group 28 by the Insecticide Resistance Action Committee (IRAC), acting as modulators of ryanodine receptors (IRAC, 2017). Since their commercialization, diamides have been widely used for pest management in various countries. Cyantraniliprole is part of the second generation that is currently labeled for use as seed treatment with a broad-spectrum action on lepidopterans, coleopterans, dipterans, hemipterans and thysanopterans (Foster, 2012). Trash et al. (2013) reported that soybean seed treated with chlorantraniliprole and cyantraniliprole caused a reduced need for foliar spray against fall armyworms. Some chemical pesticides such as cyfluthrin, methomyl and methyl parathion can be used to control the invasion of fall armyworms (Tumma and Chandrika, 2018). Pes et al. (2020) suggested that clorantraniliprole and cyantraniliprole as seed treatments reduced the need for spraying plants against FAW. According to Kumela T et al., 2019) Farmers in Ethiopia and Kenya control FAW by mixing sand with the pesticide trichlorfon and applying it to young shoots, effectively controlling FAW pests. Deshmukh et al. (2020) conducted an experiment in which emamectin benzoate 5 SG showed highest acute toxicity, followed by chlorantraniliprole 18.5 SC and spinetoram 11.7 SC by leaf dip bioassay method whereas, chlorantraniliprole 18.5 SC, followed by emamectin benzoate 5 SG, spinetoram 11.7 SC, flubendiamide 480 SC, indoxacarb 14.5 SC, lamda cyhalothrin 5 EC and novaluron 10 EC are effective by field efficacy for 2 planting dates (Jun and Sept sown crop) for control of second instar larvae of fall armyworm. Cruz et al. (2012) reported that, if an insecticide is not used at the right time more than 90% of larval mortality occurs by the use of spinosad and 39% yield loss occurs by the larval damage.

CHAPTER III

MATERIALS AND METHODS

The study entitled “Effect of intercropping and insecticides on maize insects focusing fall armyworm, Spodoptera frugiperda (J. E. Smith)” was conducted under field conditions during the Rabi season of 2022-2023 in intensive maize growing districts (Dinajpur, Nilphamari, Rangpur, Kurigram, Jhenaidah, Chuadanga, Thankurgaon, and Rajshahi) of Bangladesh (BBS, 2022). In the field, cowpea was used as an intercropped with maize as the primary crop. Insecticides used in this study were new molecule compounds with high LD50 values indicating reduced toxicity. The Entomology Division, Bangladesh Wheat and Maize Research Institute (BWMRI) provided research support for the study. The fall armyworm (FAW) infestation of maize plants and cobs were evaluated, and the yield of maize in the plots under study was ascertained. Using pitfall traps, sticky traps, and net sweeping techniques, the number of beneficial insects in the treated plots was determined to support the treatments. In this study, two distinct investigations (experiment location A and B) were conducted using insecticides and intercropping to evaluate their effectiveness in combating FAW and the status of natural enemies in maize fields.

3.1 Location
Study “A” was carried out in highly intensive maize-growing districts in Bangladesh consisting of Chuadanga, Jhenaidah Kurigram, Nilphamari, Rajshahi, Rangpur, and Thakurgaon districts whereas study “B” was carried out in Dinajpur and Rajshahi districts.

3.2 Experimental Period
Both A and B studies were conducted from November 2022 to May 2023. For study “A”, seeds were sown on 2nd November 2022 in Chuadanga, Nilphamari and Jhenaidah, 9th November 2022 in Rajshahi, 13th November 2022 in Rangpur, 18th November 2022 in Kurigram, and 13th December 2022 in Thakurgaon. Crops were harvested on 29th March 2023 in Chuadanga, 28th April 2023 in Nilphamari, 29th April 2023 in Kurigram, 1st May 2023 in Jhenaidah, 4th May 2023 in Rajshahi, 13th May 2023 in Thakurgaon, and 14th May 2023 in Rangpur. For study “B”, seeds were sown on 9th December 2022 in Dinajpur and Rajshahi. The harvest date was on 17th May 2023 in Dinajpur and 21th May 2023 in Rajshahi. The life cycle of maize crops in this study was 148 to 182 days.

3.3 Variety used

For study “A”, the hybrid maize variety, Pioneer-3355 was planted for this experiment. The seeds were collected from the local market of different towns near the experimental site.
For study B, the hybrid maize variety Pioneer-3355 was planted in both Dinajpur and  Rajshahi for this experiment. Cowpea: BARI Felon 1 Vigna unguiculata L. (Fabaceae) and Coriander (Coriandrum sativum): local variety also planted as an intercropped.

3.4 Treatments of the experiment

Study “A”
T1 = Seed treatment with cyantraniliprole (Fortenza) + alternate spray with SfNPV (Fawligen), Emamectin benzoate (Proclaim) & Chlorantraniliprole (Coragen)

 T2 = Untreated control
Study “B”

T1= Maize intercropped with cowpea 

T2= Maize intercropped with coriander 

T3= Sole maize 

3.5 Land preparation

In both experimental location, A and B, land preparation for maize planting was done using a power operated tractor. The soil was kept fine, loose and deep enough providing a good environment for seed germination. When the soil is in “Zoa” condition in, horizontal plowing and soil leveling is done with a ladder. Drains are made around and through the land to drain off excess water. The entire amount of compost, TSP, MoP, Zypsum, Zinc, Boron and 1/3rd of the urea is applied at the time of final land preparation while half of the rest of the urea is applied after 30 days of sowing / at the stage of 6 leaves and the remaining half after 60 days when the male flower appears.
3.6 Design and layout

Both the study “A” and “B” experimental plots were designed as a Randomized Complete Block (RCB) design. Spacing was maintained as 25 cm seed to seed and 60 cm row to row.

3.7 Intercultural operations

Intercultural operations such as weeding and irrigation were done, when necessary, followed by fertilizer application in the case of both experiment location A and B. One post-sowing irrigation was given after the sowing of the seeds to bring proper moisture condition of the soil to ensure uniform germination of the seeds. The 2nd, 3rd, 4th and 5th irrigation were done at 35, 60, 85 and 110 DAS (days after sowing). A good system of drainage was kept in the land. The field was kept weed free for 30-40 days after sprouting.

3.8 Application of manure and fertilizer

Both the study “A” and “B” fertilizers were applied as per standard recommendation (FRG, 2018). The amount of fertilizer applied is-
	Fertilizers
	Rate (Kg/ha)

	Urea
	550

	TSP
	300

	MoP
	220

	Gypsum
	200

	Zinc sulphate
	10

	Boric acid
	10

	Magnesium sulphate
	100


3.9 Procedure of data collection and parameters

3.9.1 Observation of other insects

Sweep nets (38cm net ring, 91 cm handle) were used to collect insects and other invertebrates from maize fields. The net moves gently back and forth one time in a spot. It was swung from side to side in a full 180-degree arc. Three sweeps were done in a plot of 9 sweeps in each treatment. Captured adults were collected with forceps or an aspirator and preserved in 70% ethanol for later identification in the laboratory.
3.9.2 Plant infestation

Data was collected in situ condition from five spots of each plot as maintained “W” pattern method after the primary infestation of fall armyworm. In each spot, 10 plants were considered and numbers of plants infested by FAW either Small Fresh Windowpane (SFW) or Infested Whorl (IW) were observed. The upper three leaves were considered as new infestations. Foliar damage was assessed on a scale of 1-9 using the CIMMYT pictorial guide. 

Table 1. Foliar damage scale for fall armyworm infestation assessment of a maize plant

	Score
	Damage symptoms/description

	1
	Few pinholes on 1 - 2 older leaves

	      2
	Small circular lesions and pinholes present on whorl leaves

	3
	Several shot-hole injuries on a few leaves (<5 leaves) and small circular hole damage to leaves

	4
	Several shot-hole injuries on several leaves (6 - 8 leaves) or small lesions/pinholes, small circular lesions, and a few small elongated (rectangular-shaped) lesions of up to 1.3 cm in length present on whorl and furl leaves

	5
	Elongated lesions (>2.5 cm long) on 8 - 10 leaves, plus a few small- to mid-sized uniform to irregular-shaped holes (basement membrane consumed) eaten from the whorl and/or furl leaves

	6
	Several large elongated lesions are present on several whorl and furl leaves and/or several large uniforms to irregular-shaped holes eaten from furl and whorl leaves

	7
	Many elongated lesions of all sizes are present on several whorl and furl leaves plus several large uniform to irregular-shaped holes eaten from the whorl and furl leaves

	8
	Many elongated lesions of all sizes are present on most whorl and furl leaves plus many mid to large-sized uniform to irregular-shaped holes eaten from the whorl and furl leaves

	9
	Whorl and furl leaves were almost destroyed and plants died as a result of extensive foliar damage


Source: Modified from Prasanna et al. (2018), Supartha et al. (2021).
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Plate 1. Rating scale based on foliar damaged by FAW on maize plant. Prasanna et al. (2018), Supartha et al. (2021)

3.9.3 Cob infestation
Upon maturation of the cob, cob samples were collected from 2m and 3 rows (2m × 2m = 4m2) of maize plants in the field. Plant number, cob number, percent of infested cob, the intensity of infestation in cob and yield data were recorded from a 4m2 unit area. Three samples were collected from a single plot. Nine samples (3 samples x 3 replications) were made from each treatment. Percent cob infestation data was collected based on a visual scale (Williams et al. 2006) and converted the scales to percentage damage.

Table 2. Ear and kernel damaged rating scale by Williams et al. (2006)

	Rating Scale
	1-9 scale description

	1
	No damage to any ears

	2
	Tip (<30 mm) damage to 1-3 ears

	3
	Tip damage to 4–6 ears

	4
	Tip damage to 7 or more ears and damage below ear tips to 1–3 kernels of 1–3 ears

	5
	Tip damage to 7 or more ears and damage to 1–3 kernels below tips of 4–6 ears

	6
	Ear tip damage to 7–10 ears and damage to 1–4 kernels below tips of 7–10 ears

	7
	Ear tip damage to 7–10 ears and 4–6 kernels destroyed on 4–6 ears

	       8
	Ear tip damage to all ears and 4–6 kernels below tips destroyed on 7–8 ears

	9
	Ear tip damage to all ears and 5 or more kernels destroyed below tips of 9–10 ears


[image: image2.png]



Plate 2. Scale of maize cob damaged by Spodoptera frugiperda. (Williams et al. 2006)
3.9.4 Plant Height
Plant height was measured from each of the 5th plants in a line in the core area, excluding the outer two lines. A wooden scale was used to measure plant height where from the plant base (top of soil level) to the bottom of the tassel was considered. 
3.9.5 Number of Cob in a Plant

The number of cobs was counted from each of the 5th plants in a line in the core plant area for counting the cob number in an experimental plot.

3.9.6 Cob Length

Three spots were selected diagonally from each plot and all 50 cobs were collected from each replication. After de-husking the cob, the length of the cob was measured using a steel scale in centimeters.

3.9.7 Harvesting of crop

When 90% of the plants showed symptoms of maturity, i.e., pale brown husk and slightly yellow leaves, the kernel milk line disappeared and just before the kernel black layer formed at the tip of the kernels, then the crop was harvested. Yield data were recorded from those harvested plants (3.6m2 unit areas). Three samples were collected from each unit plot and each treatment made nine (3 samples x 3 replication) samples.
3.9.8 Maize Yield
Three spots of each plot were selected diagonally and three rows with two meters in each spot plant were marked. Cobs were harvested from those of all marked plants and after drying for 2-3 days grains were de-shelled. Grains were dried under the direct sun again up to moisture remaining 14% and then subjected to weight. Yield data were calculated for 60 cm row to row spacing as 3 rows (= 180cm) x 2m = 3.6m2 and finally converted into kilogram per hectare. 

3.9.9 Intercropped Yield
Cowpea pods were harvested from the whole plot 3-4 times as when pods matured where coriander was harvested at a time. Pods were dried under direct sun and crushed the pods for gaining peas. Pea grain and coriander seed were weighed and calculated into kilograms per hectare. 

3.10 Data analysis

Both the experiment location A and B data were analyzed using STAR software. In the study “A”, only two treatments were used that’s why paired t-tests were done to compare the mean yield between treated and control plots after fall armyworm invasion. In the stud “B”, three treatments were used that’s why data were analyzed by analysis of variance (ANOVA).
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                           Plate 3. Collection of data from different locations.
CHAPTER IV

RESULTS

STUDY “A”
4.1 Leaf infestation

The percent leaf infestation due to the attack of FAW on maize is presented in Table 3. Leaf infestation significantly differed by treatment in several sites. Leaf infestation was significantly varied in Chuadanga, Jhenaidah, Kurigram, Rangpur, and Rajshahi districts whereas Nilphamari and Thakurgaon did not varing between leaf infestation.

4.2 Maize Yield

The maize yield in different locations is presented in Table 4. Maize yield significantly differed in several districts. Maize yield was significantly varied in Kurigram, Jhenaidah, Chuadanga, and Thakurgaon whereas yield did not vary in Nilphamari, Rangpur, and Rajshahi. 

STUDY “B”
4.3 Number of predators and pollinators captured through sweeping net under three treatments

The abundance and diversity of insect predators and pollinators observed in the experimental field has been shown in Table 5. Mosquitoes, flies, stink bugs, small bees, honey bees, ants, ladybird beetles and spiders were found in this study through the sweeping net. More mosquitoes and flies were observed in the sweeping net whereas the other predators and pollinators were less number. Predatory insects were observed through sweeping where the number of honeybee and ladybird beetles differed among the three treatments (Table 5).

4.4 Plant infestation of two locations in different crop growth stages of maize under three treatments

Percent maize plant infestation significantly differed by site in 3rd week (df1, 23 = 16.22; P ≤ 0.001) and 6th week (df1, 23 = 70.87; P ≤ 0.001) of crop growth stages but not among the treatments. In these two stages, the Dinajpur site showed statistically higher infestation than the Rajshahi site. In the 12th week, both sites (df1, 23 = 9.74; P = 0.007) and treatments (df2, 23 = 4.66; P = 0.02) showed differences considering plant infestation (Table 6). 

4.5 Cob damage among the three treatments and two experimental sites

The cob damage among the treatments did not differ statistically (df = 0.78, P = 0.47) but varied between the sites (df = 5.99, P = 0.02). A higher infestation was observed in the Rajshahi site than in the Dinajpur site (Figure 1).
4.6 Yield contributing traits of maize and intercrop under three treatments

The plant height differed in the Rajshahi site but not in the Dinajpur site where the highest plant height was observed in Rajshahi than the Dinajpur site (Table 7). Cob number and length were more in sole maize and maize with cowpea intercropped than coriander intercroped (Table 7).
4.7 Yield of maize and intercrop under three treatments
Maize yield did not differ in the Dinajpur site but was statistically higher in intercropped maize than sole maize (Table 8). On the other hand maize yield differed on Rajshahi site in sole maize than intercropped coriander and cowpea in a maize.
4.8 Benefit cost analysis of sole maize plot and intercropped plot

Benefit-cost analysis suggests that intercropped maize either cowpea or coriander showed higher return than sole maize crop (Table 9).

Table 3. Percent maize leaf infestation due to attack of fall armyworm in different districts under two treatments
	Treatments
	Dinajpur
	Nilphamari
	Kurigram
	Jhenaidah
	Chuadanga
	Rangpur
	Rajshahi
	Thakurgaon

	Treated
	2.0 ± 1.1
	3.6 ± 1.13
	2.8 ± 1.08
	0.8 ± 0.55
	22 ± 2.51
	1.2 ± 0.67
	0.8 ± 0.55
	0.8 ± 0.56

	Untreated control
	14.0 ± 3.6
	6.4 ± 1.72
	34.8 ± 3.32
	14.8 ± 2.83
	32.8 ± 1.87
	12.0 ± 2.16
	6.0 ± 1.91
	2.0 ± 0.81

	t24
	-3.07
	-1.37
	-9.11
	-4.58
	-3.42
	-5.01
	-2.83
	-1.14

	P
	0.008
	0.1832
	0.0000
	0.0001
	0.0022
	0.0000
	0.0092
	0.2652


Table 4. Maize yield (t/ha) in two different treatments in different districts
	Treatments
	Dinajpur
	Nilphamari
	Kurigram
	Jhenaidah
	Chuadanga
	Rangpur
	Rajshahi
	Thakurgaon

	Treated
	11.3 ± 0.3
	13.26 ± 0.47
	15.88± 0.66
	15.94 ± 0.45
	17.96 ± 0.37
	13.63±0.30
	17.14 ±0.64
	13.02 ± 0.23

	Untreated control
	10.1 ± 0.5
	11.99 ± 0.63
	9.94 ± 0.40
	11.31± 0.89
	14.70 ± 0.21
	13.05±0.23
	17.11± 0.57
	11.77 ± 0.25

	t8
	2.05
	2.23
	6.54
	6.29
	6.22
	1.73
	0.0324
	5.02

	P
	0.074
	0.0565
	0.0002
	0.0002
	0.0003
	0.1220
	0.9750
	0.0010


Table 5. Mean number of predators and pollinators captured through sweeping net under three treatments 

	Treatments
	Mean number of predators

	
	Mosquito
	Fly
	Stink bug
	Small bee
	Honey bee
	Ant
	Ladybird beetle
	Spider

	T1 (Sole maize)
	12.4
	16.9
	0.0
	0.3
	0.0 b
	0.3
	0.0 b
	0.4

	T2 (Maize + Cowpea)
	7.6
	10.6
	0.3
	0.6
	0.9 a
	0.1
	1.3 a
	0.8

	T3 (Maize + Coriander)
	8.5
	8.0
	0.4
	0.9
	1.3 a
	0.4
	1.0 a
	0.9

	df
	0.32
	0.41
	0.51
	1.37
	7.48
	0.42
	4.97
	0.82

	P (0.05)
	0.732
	0.666
	0.607
	0.279
	0.004**
	0.666
	0.019*
	0.457


** Values in the same column differed at 1% level of probability, * Values in the same column differed at 5% level of probability, ns Values in the same 

       column did not differ statistically

Table 6. The mean number of plant infestation in two locations in different crop growth stages of maize under three treatments

	Treatments
	Mean Percent Plant infestation 

	
	3rd week
	6th week
	12th week

	
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi

	T1 (Sole maize)
	27.5
	17.5a
	30.0
	14.5
	4.5
	9.5

	T2 (Maize + Cowpea)
	24.0
	9.5b
	29.0
	6.0
	2.5
	4.5

	T3 (Maize + Coriander)
	24.5
	13.5ab
	29.5
	10.0
	1.5
	5.0

	df
	0.14
	5.33
	0.03
	3.21
	1.5
	3.37

	P (0.05)
	0.873
	0.046*
	0.974
	0.112
	0.296
	0.104


* Values in the same column differed at 5% level of probability, ns Values in the same column did not differed statistically
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Figure 1. Cob damage among the three treatments and two experimental sites

Table 7. Yield contributing traits of maize under three treatments

	Treatments
	Plant height (cm)
	Cob number
	Cob length (cm)

	
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi

	T1 (Sole maize)
	216.8
	299.7a
	1.14a
	1.33a 
	16.7a
	17.1b

	T2 (Maize + Cowpea)
	216.1
	298.5a
	1.14a
	1.30ab
	16.6a
	17.3ab

	T3 (Maize + Coriander)
	213.8
	295.5b
	1.04b
	1.24b
	15.9b
	17.7a

	F
	2.6
	13.26 
	11.65
	3.50
	4.28
	4.02

	P (0.05)
	0.072
	<0.001**
	<0.001**
	0.030*
	0.014*
	0.0184*


Table 8. Yield of maize and intercrop under three treatments

	Treatments 
	Maize Yield (kg/ha)
	Intercropped Yield (kg/ha)

	
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi

	T1 (Sole maize)
	12870 
	10910b
	
	

	T2 (Maize + Cowpea)
	12887
	11970a
	67.75
	50.50

	T3 (Maize + Coriander)
	11880
	12241a
	277.5 (seed)
	500(leafy vegetable)

	F2,11
	3.23
	6.81
	
	

	P (0.05)
	0.111
	0.028*
	
	


Table 9. Benefit cost analysis of sole maize plot and intercropped plot

	Treatments 
	Maize Yield   (kg/ha) 
	Intercropped Yield (kg/ha)
	Gross Return (BDT/ha)
	Variable cost
	Net Return (BDT/ha)

	
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi
	Dinajpur
	Rajshahi
	
	Dinajpur
	Rajshahi

	T1 (Sole maize)
	12870 
	10910 
	-
	-
	321750
	272750
	-
	321,750
	272,750

	T2 (Maize + Cowpea)
	12887
	11970 
	67.75 
	50.50
	328272
	303795
	2250/-
	326,022
	301,545

	T3 (Maize + Coriander)
	11880
	12241 
	277.5 (seed)
	500 (leaves)
	324750
	326025
	2250/-
	322,500
	313,775


~Maize@25BDT/Kg; Cowpea@ 90 BDT/Kg; Coriander seed@100BDT/kg and leaves 20BDT/kg; Seed rate of cowpea and coriander 25kg/ha

CHAPTER V

DISCUSSION

Fall armyworm and its impact on maize yield have been reported by many researchers across the world, more specifically in countries where the pest has devastated vast maize fields and also caused a major yield reduction through its activities Rose et al. (1975). It is said that the larvae of the pest cause the biggest damage, which is reported to reduce yield by 6% in maize (Goergen et al., 2016, Buntin, G. D., 1986; Williams et al., 2006). As seen by Supartha et al. (2021), an overall count of 0.2-0.8 larvae per plant reduces yield by 5–20%. Van den Berg et al. (2021) mentioned that the lowest yields were obtained from plots that received no insecticide application compared to the treated plots with insecticide applications (which had the highest yields). Maize yield losses reached 22, 67, 32%, and 47% in Ghana, Zambia, Ethiopia, and Kenya, respectively (Day et al., 2017; Kumela et al., 2018; FAO, 2018; Balla et al., 2019). Hence, in Africa alone, this invasive pest is considered responsible for causing financial losses of up to US$4.66 billion (Rwomushana et al., 2018). Maize infestation ranged from 26.4 to 55.9%, with a yield impact of 11.57% (Baudron et al., 2019). Damage levels on leaves, silk, and tassels ranged from 25 to 50%, with a grain yield decrease of 58% (Chimweta et al., 2020). Also, in Brazil, the potential for yield losses in maize caused by the FAW is reported to range from 17 to 38.7% Fernandes et al., (2003). The present study, however, showed that maize yield was significantly reduced in the control plot compared to the treated plot.
In the experiment location A, good yield response with the application of emamectin benzoate at the standard rate has also been recorded by several authors, who have reported that this pesticide has been largely used and adopted by farmers all around the world, but its misuse lead to a quick pest resistance (Akeme et al., 2021; Fernandes et al., 2018). For instance, Gutierrez-Moreno et al. (2019) studied the field-evolved resistance of the fall armyworm to different insecticides using topical applications and recorded the mortality 72 hours post-treatment. The base line of the susceptible population, for equivalent compounds other than the ones used in this research, indicated that the most toxic compound was emamectin benzoate followed by chlorantraniliprole, spinetoram, flubendiamide, triflumuron (a benzoylurea), and pyrethroids. The superiority of insecticides may be attributed to their high potency in S. frugiperda. The effectiveness of avermectins such as emamectin benzoate to control S. frugiperda has been reported in laboratory and field studies (Agboyi et al., 2023, Babendreier et al., 2020, Deshmukh et al., 2020). Their effectiveness is attributed to ovicidal and larval effects and translaminar uptake, which ensures a long presence in the parenchyma tissue of sprayed plants (Jansson et al., 1997), resulting in an extended protection duration. Neem, on the other hand, is known to have antifeedant, ovicidal, insect growth regulation, repellant, and mating disruption activity (Williams et al., 1996, Chaudhary et al., 2017). Our findings corroborate earlier reports where emamectin benzoate caused a higher mortality of S. frugiperda than organophosphates or pyrethroids (Deshmukh et al., 2020, Ahmed et al., 2022, Idrees et al., 2022). Similarly, the reported effectiveness of Nimbecidine® is in tandem with earlier reports that show the good effectiveness of neem in controlling S. frugiperda (Agboyi et al., 2023, Babendreier et al., 2020, Tulashie et al., 2021). The findings of the current study therefore corroborate the efficacy of those active ingredients in FAW control.

According to Cruz et al. (2002), the leaf damage of SfNPV treated plots was significantly lower than that observed from untreated plots. They also showed that the cob damage was very low, plants protected with the virus produced significantly higher yields than plants unprotected, which was also found in our study. Pavan et al. (2022) conducted an experiment in which the treatment of SfNPV 1% AS + chlorantraniliprole 18.5 SC (16.36%) was found mediocre in its effectiveness against cob damage due to fall armyworm. The treatment of SfNPV 1% AS + chlorantraniliprole 18.5 SC recorded a higher yield than the untreated plot. In the present study, seed treatment + alternate spray with SfNPV, Chlorantraniliprole and emamectin benzoate showed less cob damage and plant infestation as a result yield higher compared to control. The cob damage percentage is low probably due to seed treatment. Li et al. (2022) suggested that, the application of chlorantraniliprole (CHL) + clothianidin (CLO) and cyantraniliprole (CYA) + thiamethoxam (THI) as a corn seed treatment effectively controls FAW larvae on seedlings up to 14 DAE without compromising plant growth and development. Thrash et al. (2013) stated that plants treated with both cyantraniliprole and chlorantraniliprole as seed treatments reduced the survivorship of fall armyworm larvae. In the present study seed treatment with cyantraniliprole (Fortenza) has been found effective against fall armyworm. According to Raghunandan et al. (2019), NPV is a safe biopesticide and it could be an ideal component for integrated management of fall armyworm. Another experiment was performed to evaluate the combined effect of NPV, chlorantraniliprole and Azadirachta indica against different instar larvae of Helicoverpa armigera and S. litura. The study showed that high mortality was recorded in combine applications while low in individual applications (Wakil et al. 2012). Fuxa et al. (1982) stated that the NPV accounted for more fall armyworm mortality than any other pathogen or parasite during that study. Field trials with a wettable powder formulation of a S. frugiperda nuclearpolyhedrosis virus (SfNPV) for control of FAW larvae on maize showed that the virus can be used at dosages of 1.25×10 12 PIBs (polyhedral inclusion bodies) ha-1, causing 93.4% larval mortality (Cruz et al. 1997). Cubillos et al. (2013) showed that field application of a formulation based on microencapsulated SfNPV at a dose of 8 ×10 11 OBs ha-1 (800 g ha-1) can save the maize crop, with the level of new damage in maize plants kept below the economic injury level in Colombia. The results of the present study also showed that SfNPV (Fawligen), Chlorantraniliprole (Coragen) and Emamectin benzoate application reduces crop damage from the attack of fall armyworms and increases the yield of maize.

The use of a single measure to control the population of FAW has proven unsuccessful. In the present study intercropping with cowpea and coriander has also reduced the infestation and increased yield.  Bhagat et al. (2022) stated that the maximum reduction of FAW was observed in maize when maize + cowpea was grown regularly in a 1:1 row arrangement. Contrary to the report of Khan et al. (1997) that intercropping legumes with maize reduces fall armyworm infestation, this study showed that legumes other than groundnut should be considered for such purpose because the inclusion of groundnuts did not affect fall armyworm infestation or severity. The current study supports the previously reported findings that intercropped maize with leguminous and other crops resulted in much decreased FAW infestation compared to mono-cropped maize. Firake et al., (2019) studied that maize crop with legume crops (eg. Maize + pigeon pea/black gram/mungbean) can be effective in controliing FAW. For instance, Altieri (1980a, 1980b) observed that pre-planting of beans by 20 to 30 days before maize resulted in more than 80% decline in FAW incidence. Hailu et al., (2018) demonstration reveals that the infestation of FAW is more in mono-cropping compared to intercropping. In Uganda mono-cropping of maize recorded 95% infestation compared to 65%, 74% and 64% recorded for intercropping of beans, soybean and groundnut, respectively. Similar findings were found in our present studies the infestation of FAW is more in mono-cropping compared to intercropping. According to Tanyi et al. (2020) revealed the control of FAW with dwarf and climbing beans probably because the beans emitted semiochemicals which push the pest away from the maize plants. The bean root exudates may also contain novel flavonoid compounds that can disrupt the pupating phase of the FAW life cycle in soil and alter the pest ecology. Also, beans as companion crops likely provided a different ecological niche for FAW larvae while emitting semiochemicals that deterred oviposition and FAW on maize Chamberlain et al., (2006). Our study indicated that cowpea and coriander reduced FAW larval fitness and had a strong deterrent effect on the host location and oviposition of FAW as a result yield was increased in intercropped maize compared to monocrop maize.

Maize is one of the most important crops worldwide, having the fall armyworm as a primary pest, which is one of the hardest pests to control due to its multiple generations, ability to migrate, and capacity to feed on a variety of host plants, having a direct impact on capital. It is necessary to develop efficient integrated pest management tactics to avoid economic loss. The application of SfNPV (Fawligen), Emamectin benzoate (Proclaim) and Chlorantraniliprole (Coragen) can be recommended for this pest management. Also intercropped with cowpea and coriander appliable for pest management. Intercropped is the safe and eco-friendly procedure to control fall armyworms.

CHAPTER VI

SUMMARY

Currently, the fall armyworm (FAW), S. frugiperda is one of the most destructive maize pests and poses a threat to the future maize crop in the world. We can point out here that the armyworm has devastating effects on the maize crop in Bangladesh if it is not controlled before the start of crop cultivation. The attack occurred from vegetative to generative growth where 20-60 days after planting (DAP). The present study observed that, the application of treatments was effective as compared with the control treatment in all parameters. From the current study, we found that the maize plant in the treated plots with pesticides gave the highest vegetative growth characteristics and highest maize yield than those plots that were left without pesticide treatment (pesticide free- infested by FAW larvae). In the experimental plots, in which maize was not treated by pesticides, maize vegetative characteristics, total grain yield and other maize yield components were greatly affected. Our results can improve our understanding of FAW infestation and control tactics and will provide knowledge for developing a management strategy to control this pest. However, the application of pesticides is done when the plant has been attacked with moderate to severe intensity. Chemical control was done with the application of pesticides with SfNPV (Fawligen), emamectin benzoate (Proclaim) & chlorantraniliprole (Coragen) by 3 to 4 times per season. The lowest leaf damage score of 0.8 ± 0.55 (on a scale of 1 to 9) was recorded for seed treatment with cyantraniliprole and foliar spray with SfNPV, emamectin benzoate & chlorantraniliprole treatment while the highest score was for control treatment. In case of yield (17.96 ± 0.37) was recorded in Chuadanga district for seed treatment with cyantraniliprole (Fortenza) + alternate foliar spray with SfNPV (Fawligen), emamectin benzoate (Proclaim) & chlorantraniliprole (Coragen). In addition, the study also summarized that maize intercropping reduced Fall Armyworm infestation on maize. Besides more return has been observed from intercropping plots. More number of predatory insects were observed in the cowpea and coriander intercropped plots than that of sole maize plot. These intercropping approaches, may boost sustainable Fall Armyworm management in maize and may generate extra income to the smallholder maize growers in Bangladesh. 
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