


Evaluating the Efficacy of Neem (Azadirachta indica) And Chili (Capsicum spp.) Extracts for the Control of Fall Armyworm (Spodoptera frugiperda) In Maize (Zea mays) Production in Zambia 


 ABSTRACT
Maize (Zea mays L.) is the staple crop in Zambia but is threatened by fall armyworm (Spodoptera frugiperda), a pest capable of causing major yield losses. Dependence on synthetic pesticides is increasingly unsustainable due to high costs, resistance development, and environmental risks. This study evaluated neem (Azadirachta indica) and chili (Capsicum spp.) extracts, applied individually and in combination, under field conditions in Mulobezi District. A randomized complete block design with four treatments was set up using neem extract, chili extract, a neem–chili mixture, and an untreated control on maize variety SC 513. Extracts were prepared to standard concentrations and applied to the whorl, while data on larval mortality and foliar damage were analyzed using ANOVA in R version 4.2.0. Neem extract achieved the highest efficacy, with mortality above 65 percent and substantial reductions in leaf injury. Chili extract provided moderate control at about 40 percent, while the neem–chili mixture showed no improvement over neem alone. The findings confirm neem as a reliable, affordable, and environmentally safe option for smallholder farmers, with chili serving as a supplementary measure. Promoting neem within Integrated Pest Management could reduce dependence on synthetic pesticides and strengthen food security in Zambia.
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1.0 INTRODUCTION
Zambia is a land linked country in Southern Africa endowed with fertile soils, political stability, and a favourable climate that supports a strong agricultural sector(Muyabe et al., 2025; Tembo et al., 2025). Agriculture contributes between 8 and 10 percent to the Gross Domestic Product and provides livelihoods for about 70 percent of the population(Muyabe et al., 2024). Among the major crops cultivated, maize (Zea mays) remains the staple food and a key source of income for smallholder farmers who account for nearly 80 percent of national production. However, maize production has been increasingly threatened by the fall armyworm (Spodoptera frugiperda), an invasive pest, which was first detected in Africa in 2016. The pest attacks maize at almost all growth stages, causing foliar and cob damage that can lead to yield losses of up to 50 percent when unmanaged(FAO, 2019). Its rapid spread, high reproductive rate, and ability to feed on multiple host plants make it one of the most destructive pests affecting food security in sub-Saharan Africa.
The common response to fall armyworm infestations has been the use of synthetic chemical pesticides. While these pesticides can effectively suppress pest populations, they are costly, may lead to pest resistance, and pose risks to human health and the environment(Day et al., 2017). These challenges are mostly severe among smallholder farmers who often lack the financial capacity and technical knowledge to apply pesticides safely and consistently. As a result, there is a growing need for sustainable and affordable pest management strategies that safeguard the environment and support smallholder livelihoods.
Botanical pesticides have gained recognition as promising alternatives because they are biodegradable, locally available, and safer for users and ecosystems. Among these, neem (Azadirachta indica) and chili (Capsicum spp.) have shown considerable potential. Neem contains azadirachtin, a compound that disrupts insect feeding and reproduction, while chili contains capsaicin, which deters feeding and oviposition(Isman & Grieneisen, 2014; Lusaka, 2018). Despite these proven bioactive properties, research on their field efficacy against fall armyworm in Zambia remains limited(Chileshe & Phiri, 2022; Gahukar, 2014). The lack of field-based evidence limits the development of Integrated Pest Management strategies that are effective, affordable, and suited to local conditions.
This study was therefore, conducted to evaluate the efficacy of neem and chili botanical extracts, both individually and in combination, in controlling fall armyworm infestations in maize fields in Mulobezi District, Zambia. The objectives were to determine the insecticidal potential of neem extract, assess the effectiveness of chili extract in reducing pest infestation, and examine their combined effect on fall armyworm suppression and maize yield performance. It was hypothesized that the use of neem and chili extracts would significantly reduce fall armyworm infestation and improve maize productivity under field conditions.
Conceptually, the study is anchored on the relationship between the independent variables, represented by neem and chili botanical treatments, and the dependent variables, which include fall armyworm mortality, infestation reduction, and maize yield (figure 1). The framework assumes that the application of neem and chili extracts reduces pest pressure, enhances crop performance, and promotes sustainable production. Moderating factors such as climatic conditions, soil fertility, and agronomic practices may influence the strength of these relationships. This conceptual framework provided the analytical basis for the study by clarifying how botanical pest management interventions influence maize production outcomes.
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Figure 1: Conceptual framework showing the relationship between neem and chili botanical applications, moderating factors, and outcomes on fall armyworm mortality and maize yield.
By providing empirical field evidence on the effectiveness of neem and chili extracts as eco-friendly pest control options, this study contributes to the advancement of Integrated Pest Management approaches that minimize chemical pesticide dependence while maintaining productivity. The findings are expected to inform agricultural policy, extension services, and farmer practices aimed at promoting safe, cost-effective, and environmentally sustainable pest management solutions in Zambia.
2.0 LITERATURE REVIEW
Maize (Zea mays L.) is the most important staple crop in Zambia and across much of sub-Saharan Africa. It provides more than half of the daily caloric intake for most households and serves as a key source of income and employment for rural populations. Over 80% of smallholder farmers cultivate maize, which significantly contributes to national grain reserves, livestock feed industries, brewing, and agro-processing sectors(Sitko & Jayne, 2014). Despite its socio-economic importance, dependence on maize as the dominant staple creates structural vulnerability to climatic shocks, economic fluctuations, and pest infestations. Droughts, erratic rainfall, and recurring pest outbreaks continue to undermine production and food security in both rural and peri-urban areas.
Zambia’s maize sector consists of two main production systems: smallholder and commercial farming. Smallholders manage less than 5 hectares of land, depend largely on family labour, and rely on rain-fed agriculture. Their access to improved seed varieties, fertilizers, and mechanization is limited, which increases exposure to pests and adverse climatic conditions(Phiri et al., 2025; Sitko et al., 2011; Tembo, 2025). Commercial farmers, by contrast, operate large farms equipped with irrigation, hybrid seed, and modern machinery, contributing substantially to national supply stability. Although the government has introduced policies such as the Farmer Input Support Programme to assist smallholder farmers, studies indicate that inefficiencies and elite capture persist, resulting in uneven benefits and the continued marginalization of resource-poor farmers(Robert et al., 2025). In addition, pest infestations remain a major constraint to maize production and rural livelihoods.
Among the various pests affecting maize, the fall armyworm (Spodoptera frugiperda) has emerged as the most destructive in recent years. Native to the Americas, it was first detected in Africa in 2016 and has since spread rapidly across more than forty countries due to its high mobility, reproductive capacity, and absence of natural predators(Goergen et al., 2016). In Zambia, the pest became established within a year of its first detection and is now widespread in all major maize-growing regions. The larvae feed on leaves, whorls, and cobs, producing characteristic window-pane damage that leads to yield reductions of up to fifty percent when left unmanaged(FAO, 2019). Its concealed feeding habit within maize whorls reduces the effectiveness of contact insecticides, while its multigenerational life cycle ensures persistent infestation across cropping seasons. With a host range of more than eighty plant species, including sorghum, sugarcane, and rice, the fall armyworm presents a significant challenge to both food production and economic stability. Annual yield losses attributed to the pest in sub-Saharan Africa are estimated between 2.5 and 6.2 billion US dollars and in Zambia alone, yield reductions exceeding 120,000 metric tons have been recorded during severe outbreaks(FAO, 2019).
The use of synthetic chemical pesticides remains the predominant management strategy for fall armyworm control. Insecticides such as pyrethroids, carbamates, and organophosphates have been widely distributed because of their immediate knockdown effect(Kurniati et al., 2018). However, their sustainability is questionable. High purchase costs limit affordability for most smallholders, and the lack of protective equipment exposes farmers and consumers to serious health risks. Repeated use contributes to pest resistance, environmental contamination, and the destruction of beneficial organisms(Day et al., 2017). Cultural practices such as early planting, intercropping, and handpicking of larvae offer lower-cost alternatives but are often labour-intensive and inconsistent in effectiveness, depending on farmer knowledge and seasonal timing. Biological controls, including parasitoids such as Telenomus remus and microbial agents like Bacillus thuringiensis, have demonstrated potential but are constrained by limited access, cost, and weak extension support(Grandgirard et al., 2002). These limitations have intensified calls for sustainable and affordable pest management solutions that integrate multiple control methods suited to smallholder realities.
Integrated Pest Management (IPM) provides a holistic framework for addressing pest problems in an economically and ecologically balanced manner. It emphasizes pest prevention, monitoring, and the selective use of chemical controls only when necessary. The adoption of IPM in Zambia remains limited due to inadequate farmer training, weak extension systems, and fragmented policy implementation. Farmer education has proven crucial, as trained farmers exhibit improved scouting, timely detection, and reduced chemical dependence(Caniço et al., 2021). Yet the ratio of extension officers to farmers is extremely low, and logistical constraints hinder outreach to remote areas. Strengthening IPM therefore requires integrating locally available and environmentally friendly technologies, such as botanical pesticides, which offer sustainable options for pest control.
Botanical pesticides are naturally derived compounds extracted from plants that act through mechanisms such as repellence, antecedency, growth inhibition, and direct toxicity. They degrade quickly, pose minimal risk to non-target organisms, and are safer for human health compared to synthetic alternatives(Isman, 2006). Common examples include neem (Azadirachta indica), pyrethrum (Chrysanthemum cinerariifolium), garlic (Allium sativum), tobacco (Nicotiana tabacum), and chili (Capsicum spp.). These substances are accessible, affordable, and compatible with traditional knowledge systems. Their multiple biochemical modes of action reduce the likelihood of pest resistance. However, variability in concentration, preparation, and environmental persistence can lead to inconsistent performance, and the slower visible effects compared to synthetic insecticides sometimes reduce farmer confidence.
Among botanical options, neem and chili are particularly promising for smallholder maize systems in Zambia. Neem, native to South Asia but now widely cultivated in tropical Africa, contains more than one hundred bioactive compounds, with azadirachtin being the principal insecticidal ingredient. Azadirachtin acts as an antifeedant, growth regulator, and oviposition deterrent, interfering with hormonal processes and feeding behaviour of insects(Isman & Grieneisen, 2014). Neem products can be prepared as crude extracts, seed kernel powders, or formulated sprays, all of which have shown effectiveness against over two hundred pest species without harming pollinators or natural enemies. Global studies have demonstrated up to seventy percent suppression of lepidopteran pests and improved yields following neem application. In Africa, field experiments in Ghana, Kenya, and Nigeria have confirmed neem’s ability to reduce fall armyworm damage and enhance maize growth. In Zambia, however, neem use remains largely informal. Smallholders prepare crude extracts using local knowledge, and the absence of standardized preparation and dosage protocols has produced inconsistent results(Chileshe & Phiri, 2022). Further research is needed to establish reliable formulations and application rates that reflect local environmental conditions.
Chili (Capsicum spp.) complements neem through its principal compound, capsaicin, an alkaloid concentrated in fruit placental tissues that acts as an irritant and neurotoxin to insects. Capsaicin deters feeding and oviposition, disrupts insect cuticles, and exhibits antifungal properties that suppress post-harvest pathogens. Field trials in Nigeria and Ghana have shown that chili extracts reduce fall armyworm populations by more than sixty percent and limit leaf damage when applied regularly. The combination of neem and chili has been reported to produce synergistic effects, with neem providing physiological disruption and chili contributing strong repellent action(Gahukar, 2014). Participatory field trials in Zambia by the Zambia Agricultural Research Institute further confirmed that combined treatments were more effective than single extracts(Chileshe & Phiri, 2022). Nevertheless, environmental factors such as rainfall and sunlight exposure influence potency, requiring repeated application for consistent protection.
Environmental safety assessments consistently show that botanical pesticides are far less hazardous than synthetic chemicals. Azadirachtin and capsaicin degrade rapidly under sunlight, leaving negligible residues on crops or soil. Studies have found little to no impact on pollinators and natural enemies when applied at recommended rates. Their compatibility with organic and conservation agriculture has led to their acceptance in certified organic production systems(Isman & Grieneisen, 2014). In Zambia, conservation farming initiatives have promoted neem and chili sprays as ecologically benign alternatives for pest management. Their minimal residual effects and non-toxicity to humans make them suitable for smallholder farming close to residential areas.
Farmer adoption of plant-based pest control methods is influenced by awareness, training, and institutional support. Surveys in southern Zambia revealed that more than sixty percent of farmers are aware of neem and chili extracts, and nearly half have used them in some form. Farmers perceive these botanicals as affordable and safe but remain skeptical about their effectiveness during heavy infestations. Similar findings from Uganda and Kenya show that awareness does not always translate into consistent use, largely due to lack of standard recommendations and training(Ambhore et al., 2017). Preparation and application are labour-intensive and require technical knowledge. Seasonal fluctuations in neem seed availability and chili perishability further constrain continuous supply. Non-governmental organisations, research institutes, and extension agents have played vital roles in promoting adoption through farmer field schools and demonstrations. Community-based cooperatives and women’s groups have also contributed by producing and marketing neem powder and chili mixtures locally, improving accessibility and awareness(Chileshe & Phiri, 2022; FAO, 2019).
Despite these encouraging developments, several barriers remain. Lack of standardisation in formulation and concentration results in variable outcomes. Extension systems often prioritize chemical pesticides, and botanical products are rarely included in official recommendations or registration frameworks. Many farmers expect immediate results, which botanical pesticides seldom provide because of their gradual action. Addressing these constraints requires stronger policy support, research on formulation stability, and coordinated extension efforts to enhance farmer confidence and consistent use.
Overall, the reviewed literature demonstrates that maize is critical to Zambia’s food security but remains highly vulnerable to the fall armyworm. Current reliance on synthetic pesticides is unsustainable due to economic, health, and environmental costs. Integrating neem and chili extracts within IPM offers a promising pathway toward sustainable pest management. However, field-based validation under local conditions is still limited, and there is insufficient comparative research examining efficacy, yield impact, and cost-benefit performance. The absence of standard preparation protocols, long-term ecological assessments, and socio-economic adoption studies presents a clear research gap. This study therefore seeks to provide empirical field evidence on the effectiveness of neem and chili extracts, individually and in combination, for the management of fall armyworm in maize production systems under smallholder conditions in Zambia.
3.0 MATERIALS AND METHODS
This chapter outlines the methods used to evaluate the effectiveness of neem (Azadirachta indica) and chili (Capsicum spp.) extracts in controlling fall armyworm (Spodoptera frugiperda) in maize production. It presents the study area, research design, experimental treatments, and data collection procedures. The approach was designed to ensure accuracy, reliability, and relevance, providing results that are both scientifically valid and applicable to smallholder farming systems in Zambia.
[bookmark: _Toc210314355]3.1 Study Area
The study was conducted in Mulobezi District, situated in Western Province of Zambia. The district lies within Agro-Ecological Region II, characterised by medium rainfall and extensive maize-based smallholder farming systems. Mulobezi has been one of the districts affected by recurrent fall armyworm outbreaks since the pest’s introduction in Zambia in 2016, making it a suitable site for evaluating botanical insecticides in maize production.
Climatically, Western Province receives an average annual rainfall of approximately 1,000 mm, of which more than 90% falls between November and March (Environmental Council of Zambia, 2009). Specifically, Mulobezi experiences a unimodal rainfall pattern consistent with this seasonal distribution. Temperature records indicate that Mulobezi has mean monthly temperatures ranging from 20.2 °C to 30.2 °C during the rainy season, with cooler months (June–August) averaging below 20 °C(Chisanga et al., 2023). These climatic conditions are favourable for maize production but also provide a conducive environment for the survival and spread of fall armyworm (Spodoptera frugiperda).
Topographically, the district is generally flat to gently undulating. The soils are predominantly sandy loams to loamy sands, derived from Kalahari sand formations typical of Western Province. Although well-drained and easy to cultivate, these soils are often low in organic matter and essential nutrients, necessitating integrated soil fertility management to sustain maize productivity.
Farming in Mulobezi District is dominated by smallholder households cultivating between one and five hectares. Maize is the principal crop, grown primarily under rain-fed conditions, alongside sorghum, groundnuts, and cowpeas in mixed systems. Livestock keeping, particularly cattle, goats, and poultry, complements crop production and contributes to household food security. However, limited access to agricultural inputs, extension services, and pest management technologies constrains productivity. These socio-economic realities make Mulobezi representative of the challenges facing smallholder maize farmers in Zambia, particularly in managing invasive pests such as fall armyworm.


[bookmark: _Toc210314356]3.2 Research Design
The study employed an experimental research design using a Randomized Complete Block Design (RCBD) with three replications. This design was chosen to minimize field variability and ensure reliability in comparing treatment effects. Treatments were randomly assigned within each block to control for environmental heterogeneity across the site.
The experiment consisted of four treatments:
1. Neem extract application.
2. Chili extract application.
3. Neem and chili extract combination.
4. Control (water only).
Each plot measured 3 m × 3 m, with 0.5 m buffers between plots and 1 m between blocks to reduce treatment interference. The maize variety SC 513, known for its high yield potential but susceptibility to fall armyworm, was used. Standard agronomic practices, including spacing (75 cm × 25 cm), manual weeding, and supplemental irrigation, were applied uniformly across all plots to avoid variability due to management differences.
[bookmark: _Toc210314357]3.3 Experimental Treatments and Preparation of Extracts
[bookmark: _Toc210314358]3.3.1 Neem Extract Preparation
Neem seeds were collected locally, air-dried under shade, and ground into a fine powder. A stock solution was prepared by soaking 50 g of seed powder per litre of water for 24 hours. The mixture was filtered through muslin cloth to remove solid residues, and the resulting extract was diluted to a 5% (w/v) working solution for application.
[bookmark: _Toc210314359]3.3.2 Chili Extract Preparation
Fresh chili fruits (Capsicum spp.) were washed, chopped, and soaked at a concentration of 25 g per litre of water for 12 hours. The mixture was then pounded, filtered through muslin cloth, and diluted to a 2.5% (w/v) working solution. To improve adhesion to maize leaves, a mild soap solution (2 ml per litre) was added before spraying.
[bookmark: _Toc210314360]3.3.3 Neem–Chili Combination
For the combination treatment, neem and chili extracts were prepared separately at the above concentrations and mixed in equal proportions (1:1 ratio) just before application.
[bookmark: _Toc210314361]3.3.4 Application Method
All treatments were applied using a knapsack sprayer fitted with a fine nozzle for even coverage. Applications targeted the maize whorls, where fall armyworm larvae are most concentrated. Spraying was conducted in the early morning to minimize evaporation losses and repeated every seven days for four weeks.
Each plot received approximately 500 ml of spray solution. Given the plot size of 3 m × 3 m (9 m²), this translates to an equivalent application rate of approximately 556 litres per hectare. This volume was consistent with standard smallholder knapsack spraying practices for botanical pesticides.
3.4 Data Collection Methods
3.4.1 Larval Density Counts
Larval density was recorded weekly by counting the number of live fall armyworm larvae on ten randomly selected plants along the diagonals of each plot. Average larval counts per plot were calculated and compared across treatments.
[bookmark: _Toc210314362]3.4.2 Mortality Rate Assessment
To measure mortality, larval numbers were recorded before each spray and again 72 hours after application. Mortality rate (%) was calculated as: 
Mortalty Rate=Number of dead larvae after treatment/Initial number of larvae before treatmentx100 
[bookmark: _Toc210314363]3.4.3 Infestation Reduction
Infestation was assessed weekly as the proportion of plants showing visible fall armyworm damage symptoms (leaf perforations, frass, or whorl feeding). Reduction in infestation (%) was computed relative to the control treatment for each spray cycle.
3.5 Data Analysis
Data on larval density, mortality rates, and infestation reduction were analyzed using R Studio version 4.2.0. Descriptive statistics (means and standard errors) were computed to summarized treatment performance.
A one-way Analysis of Variance (ANOVA) was employed to test for significant differences among treatments. Where significant variation was detected (p < 0.05), mean separation was performed using the Least Significant Difference (LSD) test at the 5% level of probability. Bar charts and line graphs were generated in R to visualize treatment effects across spray cycles. Interpretations were based on both numerical trends and statistical significance.
3.6 Ethical Considerations
Consent to conduct the study was obtained from local leaders and farmers in Mulobezi District. Only biodegradable neem and chili extracts were used, and no synthetic pesticides were applied, thereby safeguarding human and environmental health. Field assistants wore protective clothing during extract preparation and spraying to minimize exposure. All information from farmers was treated confidentially and presented in aggregate form without identifying individuals.
[bookmark: _Toc210314364]3.7 Summary of Methodology
This chapter presented the methodological approach used to evaluate the efficacy of neem and chili extracts in controlling fall armyworm in maize. The experiment was carried out in Mulobezi District, Western Province, using a Randomized Complete Block Design with four treatments replicated three times. Neem and chili extracts were prepared at standard concentrations, applied weekly, and compared against a control.
Data on larval density, mortality, and infestation reduction were collected through systematic sampling and analyzed using R Studio version 4.2.0 with ANOVA and LSD tests at the 5% significance level. Ethical standards, including informed consent, environmental protection, and confidentiality, were observed throughout the study.
4.0 RESULTS AND DISCUSSION
This chapter presents and discusses the findings of the study, which evaluated the insecticidal efficacy of neem (Azadirachta indica) and chili (Capsicum spp.) extracts, both individually and in combination, for the management of fall armyworm (Spodoptera frugiperda) in maize production under smallholder farming conditions in Mulobezi District. The results are presented and discussed according to the study objectives.
[bookmark: _Toc210314367]4.1 Insecticidal Efficacy of Neem Extract
The first objective sought to evaluate the efficacy of neem extract against FAW. Table 1, presents the effect of neem extract on fall armyworm (FAW) mortality. Results show that neem-treated plots recorded the highest mortality rate (68.2%), nearly five times greater than the control (14.2%). This effect was highly significant (p < 0.001), confirming neem as the most effective treatment
[bookmark: _Toc210396494]Table 1: Efficacy of Neem Extract against FAW
	Treatment
	Mean Mortality (%)
	Ratio vs Control
	Significance

	Control
	14.2
	1.0
	–

	Neem
	68.2
	4.8x
	p < 0.001


Comparable findings have been reported in several studies. De Groote et al. (2020) carried out field trials on maize in Ghana and Nigeria using aqueous neem seed kernel extracts. Their results showed mortality levels ranging between 60 and 70 percent, accompanied by significant reductions in foliar damage. Isman (2020) reviewed both laboratory and field studies and demonstrated that azadirachtin, neem’s key bioactive compound, disrupts insect molting, inhibits feeding, and reduces reproductive success. Kurniati et al. (2018) summarized field applications of neem across Africa and Asia, reporting broad-spectrum activity against more than two hundred agricultural pests, including lepidopteran species.
The findings from this study are consistent with those reports. Neem-treated plots also displayed visibly less foliar injury and reduced frass accumulation, reflecting neem’s dual role as both an insecticide and an antifeedant. Variability between application cycles was observed, which may be due to rainfall reducing the persistence of neem residues. This environmental limitation has also been highlighted by Nisar et al.(2021), who argued that neem’s field efficacy depends on climatic factors and may be improved by formulation technologies or integration with complementary pest control strategies.
For smallholder farmers, neem presents a reliable, low-cost, and environmentally benign alternative to synthetic insecticides. Its effectiveness under field conditions, combined with local availability, makes it a strong candidate for incorporation into Integrated Pest Management (IPM) strategies. Promoting neem use can reduce pesticide dependence, lower production costs, and improve household food security while safeguarding environmental health.
[bookmark: _Toc210314368]4.2 Efficacy of Chili Extract against FAW
The second objective examined the effect of chili extract on fall armyworm mortality. Table 2, presents the effect of chili extract on FAW larval mortality. Chili treatment produced an average mortality of 40.3 percent, which was significantly higher than the untreated control at 14.2 percent (p = 0.042). However, chili was notably less effective than neem extract.
[bookmark: _Toc210396495]Table 2: Efficacy of Chili Extract against FAW
	Treatment
	Mean Mortality (%)
	Ratio vs Control
	Significance

	Control
	14.2
	1.0
	–

	Chili
	40.3
	2.8x
	p = 0.042


These results align with previous studies. For example, Wang et al. (2025) tested chili extracts against FAW in both laboratory and semi-field trials in Uganda. Their experiments demonstrated that chili reduced larval feeding and leaf damage, but mortality rarely exceeded 45 percent, which is consistent with the findings of this study. De Groote et al. (2020) conducted farmer-participatory trials on maize and cowpea using chili, neem, and their mixtures. Their results confirmed that chili achieved moderate suppression of pest populations, but neem consistently outperformed it, and combinations provided no additional benefit over neem alone.
The moderate efficacy of chili can be explained by the role of capsaicin, which primarily deters feeding but does not significantly interfere with larval physiology or reproduction. This limitation accounts for the lower mortality rates observed here and in previous studies(Wang et al., 2025). 
Despite these limitations, chili offers important advantages in smallholder farming systems. It is inexpensive, widely available, and easy to prepare using locally grown fruits. In areas where neem is less accessible, chili provides a viable supplementary option. However, it is best applied as part of an integrated management approach rather than as a stand-alone solution.
From a policy perspective, chili can complement national IPM initiatives by offering farmers an alternative that reduces reliance on chemical pesticides. Research could also investigate whether modified formulations or integration with cultural practices might enhance chili’s performance under field conditions.
[bookmark: _Toc210314369]4.3 Combined Efficacy of Neem and Chili Extracts
The third objective examined the effect of neem and chili when applied in combination. Figure 2 presents the efficacy of the neem–chili mixture in controlling fall armyworm (FAW). The neem–chili mixture achieved 68.1% larval mortality, significantly higher than the control (14.2%) and chili alone (40.3%), but statistically indistinguishable from neem extract alone at 68.2 percent (p = 1.000). Both neem and the mixture were significantly more effective than chili extract at 40.3 percent and the untreated control at 14.2 percent. These findings confirm that while the mixture effectively reduced FAW populations, it did not provide additional benefits compared to neem applied singly.


[bookmark: _Toc210396766]Figure 2: Mortality of Fall Armyworm under Combined Neem and Chili Treatment
The absence of a synergistic effect can be explained by the biological mechanisms of the two botanicals. Neem’s bioactive compound azadirachtin interferes with insect molting, feeding, and reproduction, leading to high larval mortality(Ambhore et al., 2017). Chili, on the other hand, acts primarily through capsaicin, which functions as a feeding deterrent with limited physiological impact on larvae. When applied together, neem’s comprehensive insecticidal activity dominates the treatment response, leaving little scope for chili to enhance mortality levels.
These results are supported by previous studies such as Orabi & Orabi (2018) who conducted farmer-participatory field trials in Uganda to evaluate neem, chili, and their mixtures in maize and cowpea systems. They reported that neem consistently produced higher mortality than chili, and the mixtures did not provide any significant advantage over neem alone. Islas et al. (2020) Similarly, reviewed extensive applications of neem across Africa and Asia and concluded that neem extract exerted broad-spectrum suppression of more than two hundred insect pests. His review highlighted that mixtures with other botanicals rarely improved efficacy and sometimes added unnecessary labour for farmers.
The practical implications of these findings are important. Preparing and applying mixtures requires more time, labour, and raw materials, which can place additional strain on resource-limited farmers. Since the neem–chili mixture does not improve upon neem’s performance, farmers would benefit more from focusing solely on neem extract. Extension services can also simplify training by standardising neem preparation and application techniques, reducing complexity in farmer adoption.
At the policy level, the evidence strengthens the case for promoting neem as a stand-alone botanical insecticide in Zambia’s Integrated Pest Management (IPM) programmes. Emphasizing neem use would not only reduce reliance on costly synthetic pesticides but also align with national strategies for sustainable agriculture and climate-smart farming. Chili, while still useful in areas where neem is less accessible, should be promoted as a complementary rather than primary treatment.
It should also be acknowledged that these findings reflect the agro-ecological conditions of Mulobezi District. Variations in rainfall, temperature, and pest pressure in other regions could influence treatment outcomes. Therefore, multi-location trials are necessary to confirm whether neem’s dominance holds across Zambia’s diverse environments.
In conclusion, Figure 2 demonstrates that the neem–chili mixture is effective in suppressing FAW but does not provide an advantage over neem alone. This result is consistent with earlier studies and provides clear guidance for farmers, extension agents, and policymakers in prioritizing neem as the most reliable botanical option for managing FAW in maize production.
[bookmark: _Toc210314370]4.4 Hypothesis Testing
Table 3, presents the results of hypothesis testing, comparing the effects of different botanical treatments on fall armyworm (FAW) mortality. Neem and the neem–chili mixture both produced highly significant reductions in larval populations compared to the untreated control (p < 0.001). Chili also performed significantly better than the control (p = 0.042), although its effect size was smaller. When neem and chili were compared directly, neem achieved significantly higher mortality (p < 0.05). The mixture also outperformed chili alone, but there was no significant difference between neem and the mixture (p = 1.000).
[bookmark: _Toc210396496]Table 3: Hypothesis Testing of Treatment Effects on Fall Armyworm Mortality
	Comparison
	Mortality (%)
	Ratio
	Significance

	Chili vs Control
	40.3 vs 14.2
	2.8x
	p = 0.042

	Neem vs Control
	68.2 vs 14.2
	4.8x
	p < 0.001

	Mix vs Control
	68.1 vs 14.2
	4.8x
	p < 0.001

	Neem vs Chili
	68.2 vs 40.3
	1.7x
	p < 0.05

	Mix vs Chili
	68.1 vs 40.3
	1.7x
	p < 0.05

	Mix vs Neem
	68.1 vs 68.2
	1.0
	(p = 1.000)


These results confirm that neem is the most effective botanical treatment, while chili provides moderate suppression. The neem–chili mixture performed as well as neem but without offering any additional benefit. The absence of synergistic effects in the mixture reinforces the observation that neem’s strong insecticidal properties dominate the treatment response.
Similar patterns have been reported in other studies. Tulashie et al. (2021), in field trials conducted in Ghana and Nigeria, showed that neem consistently reduced FAW infestations more effectively than other botanical extracts. Fuhrimann et al. (2022), working with smallholder farmers in Uganda, found that neem provided the highest mortality among botanicals tested, while chili offered moderate protection and mixtures yielded no significant improvements over neem alone. These findings mirror the current study, underscoring the reliability of neem as a stand-alone option.
For smallholder farmers, the statistical evidence presented in Table 3 provides confidence that neem extract is a dependable and effective tool for FAW management. Chili, although less potent, can still serve as a supplementary control option in areas where neem is unavailable. From a policy perspective, the results justify investment in neem promotion programmes and training farmers in proper extraction and application techniques. By validating neem’s superior performance through rigorous statistical analysis, the study supports its prioritization within Integrated Pest Management (IPM) strategies for maize production in Zambia.
5.0 CONCLUSION AND RECOMMENDATIONS
[bookmark: _Toc210314372]5.1 Conclusion
This study showed that neem extract is the most effective botanical treatment for managing fall armyworm in maize, achieving significantly higher mortality than chili extract or the neem–chili mixture. Chili provided moderate control, while the combination offered no added advantage over neem alone. These findings confirm neem as a reliable, affordable, and environmentally safe option for smallholder farmers. Promoting neem use can strengthen Integrated Pest Management (IPM) strategies, reduce dependence on synthetic pesticides, and support sustainable maize production and food security in Zambia.
[bookmark: _Toc210314373]5.2 Recommendations
1. Neem extract should be prioritized as the most effective and sustainable option for fall armyworm control.
2. Farmers need training on proper preparation and application of neem to maximize its effectiveness.
3. Policymakers should include neem in Integrated Pest Management (IPM) programmes and improve farmer access to neem seeds.
4. Further research should validate neem’s performance across different regions and develop improved formulations.
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