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ABSTRACT

This field study evaluated the efficacy of hydroalcoholic extracts of R. communis, A. indica and T. vogelii on the control of Spodoptera
frugiperda (J. E. Smith, 1797) in maize in Quibala, Uige (Angola) from February to June 2025. A completely randomized design with
three replicates per treatment was implemented over a total area of 483 m?2. Extracts were prepared by maceration using a locally
distilled beverage (“capuca” with an ethanol concentration of 48% v/v) and applied by foliar spray to naturally infested maize (cv.
Samaru 13). Entomological parameters included number of affected plants, live larvae (LL) and dead larvae (DL); efficacy was
calculated using Abbott’s equation. One-way ANOVA detected significant differences among treatments (p < 0.05); Two-way
ANOVA (treatment x week) showed highly significant main effects (treatment and week: p < 0.001) and a significant interaction (p =
0.002). A multiple regression model using log-transformed LL and DL explained 69.6% of the variance in efficacy (adjusted R? =
0.696; F = 119.8; p<1.7x107?7). R. communis produced the fastest initial larval mortality and highest mean efficacy, followed by T.
vogelii; both were performing comparably to the reference treatment. A. indica showed a slower, but sustained effect, whereas the
“Kangila” formulation had low efficacy. These results support further development of R. communis and T. vogelii extracts for
smallholder integrated pest management, with further research additional work on formulation and application schedules to improve
field persistence.
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Eficacia dos extratos hidroalcoolicos de Ricinus communis, Azadirachta indica e Tephrosia
vogelii no controlo da lagarta-do-cartucho (Spodoptera frugiperda) no milho em condigdes
de campo na comunidade de Quibala, Uige (Angola)

RESUMO

Este estudo de campo avaliou a eficacia dos extratos hidroalcoolicos de R. communis, A. indica e T. vogelii no controlo de Spodoptera
frugiperda (J. E. Smith, 1797) no milho, em Quibala, Uige (Angola), entre fevereiro e junho de 2025. Foi utilizado um delineamento
completamente casualizado com trés repeti¢des por tratamento, em uma area total de 483 m? Os extratos foram preparados por
maceragdo usando uma bebida destilada local (“capuca”, com teor alcodlico de 48% v/v) e aplicados por pulverizagdo foliar em milho
naturalmente infestado (cv. Samaru 13). Os pardmetros entomologicos incluiram numero de plantas afetadas, larvas vivas (LL) e larvas
mortas (DL); a eficacia foi calculada pela equacdo de Abbott. A ANOVA unidirecional detectou diferencas significativas entre
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tratamentos (p<0.05); a ANOVA bivariada (tratamento x semana) mostrou efeitos principais altamente significativos (tratamento e
semana: p<0.001) e interagdo significativa (p=0.002). Um modelo de regressdo multipla, usando LL e DL transformadas pelo log,
explicou 69,6% da variancia na eficacia (R? ajustado =0.696; F=119.8; p<1.7x10-27). R. communis apresentou a mortalidade larvar
inicial mais rapida e a maior eficcia média, seguido por 7. vogelii; ambos tiveram desempenho comparavel ao tratamento de referéncia.
A. indica mostrou um efeito mais lento, porém sustentado, enquanto a formulagao “Kangila” apresentou baixa eficacia. Estes resultados
apoiam o desenvolvimento adicional dos extratos de R. communis ¢ T. vogelii para o manejo integrado de pragas por pequenos
agricultores, recomendando-se estudos complementares sobre formulagido e esquemas de aplicagdo para melhorar a persisténcia em
campo.

Palavras-Chaves: Spodoptera frugiperda; extratos hidroalcodlicos de plantas; eficacia; manejo integrado de pragas; Angola

Eficacia de los extractos hidroalcohdlicos de Ricinus communis, Azadirachta indica y
Tephrosia vogelii para el control de la oruga militar del maiz (Spodoptera frugiperda) en maiz
en condiciones de campo en la comunidad de Quibala, Uige (Angola)

RESUMEN

Este estudio de campo evaluo la eficacia de los extractos hidroalcohdlicos de R. communis, A. indica y T. vogelii en el control de
Spodoptera frugiperda (J. E. Smith, 1797) en maiz en Quibala, Uige (Angola) entre febrero y junio de 2025. Se empled un disefio
completamente al azar con tres repeticiones por tratamiento en una superficie total de 483 m? Los extractos se prepararon por
maceracion utilizando una bebida destilada local (“capuca”, con concentracion de etanol de 48% v/v) y se aplicaron por pulverizacion
foliar sobre maiz naturalmente infestado (cv. Samaru 13). Los parametros entomoldgicos incluyeron numero de plantas afectadas,
larvas vivas (LL) y larvas muertas (DL); la eficacia se calculd mediante la ecuacion de Abbott. La ANOVA unidireccional detectd
diferencias significativas entre tratamientos (p<0.05); la ANOVA de dos vias (tratamiento x semana) mostrd efectos principales
altamente significativos (tratamiento y semana: p<0.001) y una interaccion significativa (p=0.002). Un modelo de regresion multiple,
usando LL y DL transformadas por logaritmo, explicé el 69,6% de la varianza en la eficacia (R? ajustado =0.696; F=119.8;
p<1.7x10-27). R. communis produjo la mortalidad larvaria inicial mas rapida y la mayor eficacia media, seguido por 7. vogelii; ambos
mostraron un rendimiento comparable al tratamiento de referencia. 4. indica present6 un efecto mas lento pero sostenido, mientras que
la formulacion “Kangila” mostr6 baja eficacia. Estos resultados respaldan el desarrollo adicional de los extractos de R. communis'y T.
vogelii para el manejo integrado de plagas en pequefios agricultores, recomendando investigaciones complementarias sobre
formulacion y esquemas de aplicacion para mejorar la persistencia en campo.

Palabras clave: Spodoptera frugiperda; extractos hidroalcoholicos de plantas; eficacia; manejo integrado de plagas; Angola.
1. Introduction

Agricultural productivity has been driven by the development of high-yielding varieties, improved
cultivation practices, fertilizers use, and other technichnological advances. However, increase production often
leads to greater susceptibility to pest attacks, resulting in significant losses. Without the use of pesticides, these
losses could reach up to 70% of yield, highlighting the importance of pest control strategy for food security
(Fan et al., 2012). Maize is a staple crop widely used for both human and animal consumption and represents
an important raw material for industrial applications. However, pest infestations can substantially reduce yield
and grain quality, leading to significant economic losses. Among the most important pests of maize, the fall
armyworm (Spodoptera frugiperda), stands out as the major threat (Mampasi & Munanga, 2025), which under
favorable conditions, can rapidly increase in population, causing defoliating and ear damage, thereby
compromising grain production (Farias et al., 2001; Duveiller et al., 2007).

Spodoptera frugiperda is one of the principal pests of maize across Africa, causing substantial yield
losses and threatening food security in farming communities, particularly in tropical regions (Goergen et al.,
2016; Togola et al., 2025). Its high reproductive rate, mobility, and capacity to develop resistance to synthetic
insecticides make it an increasing challenge for conventional pest management (Day et al., 2017; Hruska,
2019). The fall armyworm, Spodoptera frugiperda (order Lepidoptera and family Noctuidae), is one of the
most destructive pests in tropical regions due to its wide geographic distribution and year-round occurrence
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(Adhikari et al., 2020; Jing et al., 2021; Mendesil et al., 2023; Mengesha et al., 2023). Globally, it is considered
one of the main insect pests of maize crops (Mendes et al., 2011; Sisay et al., 2019; Tanyi et al., 2020).

The fall armyworm (Spodoptera frugiperda) is considered a serious invasive pest that posing a major
threat to global food security (Day et al., 2017; Jeger et al., 2017; Rwomushana, 2019; Njuguna, 2021; Kenis
et al., 2023). This species can completely devastate cereal crops in an entire country. The use of plant extracts
for pest control offers several advantages, including: i) reduced production costs, ii) lower environmental
impact and non-target effects, and iii) reduced dependence on synthetic insecticides. The use of plant extracts
for controlling fall armyworm has been the subject of several studies, with promising results, however, the
identification of active compounds and standardization remain limited. Therefore, several plant species have
proven to be effective pesticides in the management of the fall armyworm (Rioba & Stevenson, 2020;
Phambala et al., 2020; Tulashie et al., 2021; Henagamage et al., 2023).

In this context, plant-derived biopesticides emerge as promising ecological alternatives due to their
lower environmental toxicity and accessibility to smallholder farmers. Several plants with documented
ethnobotanical uses including R. communis, A. indica, and T. vogelii contain bioactive compounds with lethal
or repellent effects against insect pests, including lepidopteran larvae ( Miresmailli & Isman, 2014; Isman,
2016). Compounds such as azadirachtin, rotenone and ricin have been reported to be effective against early
larval stages and may partially or completely substitute synthetic inputs in sustainable agricultural systems
(Chowdhury et al., 2024; Corréa & Salgado, 2011).

The use of these extracts is particularly relevant in communities such as Quibala, Uige (Angola), where
access to commercial phytosanitary products is limited and farming practices rely heavely on local resources
(Lengai et al., 2022; Mampasi et al., 2023). Scientific evaluation of locally available plant extracts can provide
sustainable, context-adapted pest management solutions that support agricultural sovereignty and
phytosanitary resilience (Isman, 2016; Valicente, 2020).To support safe and effective adoption, field validation
of extract performance is required. This includes statistical evaluation of comparative efficacy against
conventional treatments and temporal analysis of mortality dynamics (Montgomery, 2017; Cardoso & Viana,
2011). Modeling tools such as multiple regression and principal component analysis (PCA) are recommended
to interpret the complex effects of biopesticides under variable field conditions (Azad et al., 2025; Jolliffe &
Cadima, 2016).

Botanical insecticides can be defined as products derived from plant secondary metabolites of plants,
exhibiting various effects on harmful insects. They can be found in the form of essential oils, plant extracts, or
both. Before the success of synthetic insecticides in the 1940s, botanical insecticides were widely used to
protect crops and stored products against pests. However, synthetic insecticides, with advantages in terms of
effectiveness, speed, ease of use, and low cost, led to the decline in use, especially in industrialized countries
(Padial, 2025). We hypothesize that hydroalcoholic extracts of R. communis and T. vogelii significantly reduce
the survival of Spodoptera frugiperda in maize, with efficacy comparable to the reference treatment (Kangila),
while A4. indica exhibits a slower but more persistent effect under field conditions. This study therefore
evaluates the efficacy of hydroalcoholic extracts of R. communis, A. indica and T. vogelii against Spodoptera
frugiperda in maize under field conditions in Quibala community.

2. Material and Methods
2.1 Location, period and experiment design
The experiment was conducted from February to June 2025 in Quibala village, Municipality of Uige,

Uige Province (Fig. 1), Angola, an area characterised by a tropical, rain-dominated climate with a clearly
defined dry season.
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Figure 1: Quibala village, Municipality of Uige, Uige Province
Figura 1: Quibala village, Municipaliiy of Uige, Uige Province
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The study site (¢ = 7°47°38.838” S; A = 15°0°47.164 E) is largely covered by herbaceous vegetation,
notably Imperata cylindrica, Smilax spp., Pteridium aquilinum ssp. africanum, Sarcocephalus latifolius and
Chromoleuma odorata. Soils are predominantly sandy loam with pH values near 5.5-6.0. Average
temperatures hover around 23 °C during the rainy months and about 21 °C in the dry season, while relative
humidity typically falls from 85-90% in the wet season to 70—75% in the dry season. Climatic and pedological
details follow the datasets reported by Lautenschlager et al., (2014), Carvalho & Halecki (2021); Mawunu et
al., (2024) and INAMET (2025). A completely randomized design was used with three replicates per treatment.
Each treatment was implemented in plots of 25.08 m? on a total area of 483 m>. Trials were conducted under
field conditions using maize (Zea mays L.) variety Samaru 13 naturally infested with Spodoptera frugiperda.

2.2 Preparation of extracts

Plant extracts were prepared by maceration following adapted procedures from Lapornik et al., (2005),
Albuquerque et al., (2017) & Costa et al., (2019). Leaves of the selected plant species (R. communis, A. indica
and T. vogelii) were collected in the field, rinsed with running water and shade-dried without overlap to
preserve bioactive compounds. The solvent used was “capuca,” a traditional Angolan alcoholic beverage
typically produced by artisanal distillation of sugarcane or fermented fruits (e.g., banana or pineapple). In this
study, the capuca was derived from sugarcane distillation. For treatment T0, no phytochemical active was
applied. For the reference treatment, a synthetic insecticide (commercial name: Kangila) was applied,
containing emamectin benzoate 12g/L and imidacloprid 50g/L as active ingredients.
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2.3 Determination of ethanol concentration

The ethanol concentration of the capuca was determined using the pycnometer method (Rosa et al.,
2019; Santos et al., 2020 & Ponte et al., 2022) using an analytical balance (Marte AW-220). After weighing
the empty pycnometer, the balance was tared, and the test solution was added, ensuring that no air bubbles
adhering to the pycnometer surface; and the temperature was maintained constant during measurements.
Measurements were performed in triplicate, and density was calculated as follows:

M, — M,
P) = (~2—"1)+ 100
) (MO—MI)*

where: Mo = mass of the pycnometer filled with water; M1 = mass of the empty pycnometer; M2 = mass of the
pycnometer filled with the test solution. The sample presented a mean density of 924.869 kg-m™ (0.924869
g'mL™) at 25 °C. After correction to 20 °C, this value corresponded to approximately 48% v/v of ethanol,
based on standard alcoholometric tables.

2.4 Extract preparation protocol

The leaves were crushed to obtain 500 g of plant material using a RAF Enjyment Goodlife blender and
weighed on an ADITAN electronic scale. Maceration was carried out in a 1.5 L container with 500 mL of
capuca; the mixture was left to stand for 24 hours, then stirred, filtered, and transferred to a 10 L backpack
sprayer for field application, to which 8 L of water were added. This procedure follows the method described
by Langa (2025).

2.5 Application of extracts and entomological assessments

The extracts were applied by foliar spray to maize naturally infested with Spodoptera frugiperda (J. E.
Smith, 1797). Entomological parameters included the number of affected plants, live larvae (LL) and dead
larvae (DL). Biopesticide efficacy was calculated using Abbott’s equation to adjust observed mortality for
background mortality in control plots (El-Saghier et al., 2023), following the procedures described by Oliveira
(2014) & Massimbe et al., (2023).

Efficacy (E)=Mt—Mc100—Mcx100

Mt — Mc

Efficiency (E) = (m

)*100

where: Mt = mortality observed in treated plots;
Mc = mortality observed in control plots.

2.6 Estatistical analysis

Statistical analyses were performed in RStudio (v. 4.3.1). One way ANOVA was applied followed by
Tukey’s HSD test to identify significant differences among treatments (o = 0.05). Extract efficacy was modeled
using multiple linear regression, with logarithmic transformation of count variables (live and dead larvae) to
meet normality and homoscedasticity assumptions. Two-way ANOVA (treatment x time/week) was conducted
to evaluate main and interaction effects. Principal Component Analysis (PCA) was used to explore
relationships among entomological variables and efficacy, revealing functional groupings among tested
extracts.
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3. Results and Discussion
3.1 Entomological performance of natural extracts

The analysis shown in Figure 1 reveals clear and statistically significant differences in the insecticide
activity of the botanical treatments against Spodoptera frugiperda. R. communis exhibited the highest efficacy
(36.22 £ 23.31%), followed by T. vogelii (26.00 + 27.07%); both treatments were not significantly different
from the reference treatment (50.00 £ 0.00%) according to Tukey’s HSD post-hoc test (one-way ANOVA,
p<0.05). Treatments based on A. indica (14.64 + 18.18%) and Kangla (7.94 + 19.82%) performed less
effectively and did not differ significantly from each other under the experimental conditions.

The variability in efficacy likely reflects species-specific phytochemical profiles and differences in the
concentration and interactions of bioactive compounds. Secondary metabolites such as alkaloids, terpenoids,
flavonoids and phenolics may act through multiple mechanisms—direct toxicity, feeding deterrence, and
disruption of larval development—accounting for the observed differential responses.

The relatively strong performance of R. communis highlights its potential as a source of bioactive
compounds for botanical pest-management alternatives, while the experimental variability underscores the
need for phytochemical characterization, formulation standardization and field validation. These results are
consistent with previous findings on the activity of plant-derived compounds against tropical lepidopterans
pests (Saeidi et al., 2019).

Figure 1: Comparison of mean efficacies (%) of treatments against S. frugiperda, with groupings from Tukey’s HSD test
indicating statistically distinct treatments at a = 0.05. Treatments included extracts of A. indica, Kangila, R. communis,
T. vogelii and the reference treatment (T0). Groups sharing the same letter do not differ significantly.

Figura 1: Comparacdo das eficacias médias (%) dos tratamentos contra S. frugiperda, com agrupamentos do teste de
Tukey indicando tratamentos estatisticamente distintos a o = 0,05. Os tratamentos incluiram extratos de 4. indica,
Kangila, R. communis, T. vogelii e o tratamento de referéncia TO. Grupos que partilham a mesma letra ndo diferem
significativamente.
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Previous studies he have shown that combining conventional insecticides with botanical compounds
presents lethal effects, thereby restoring susceptibility to synthetic insecticides (Ngegba et al., 2022). In
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addition, these mixtures have been shown to induce sublethal effects, with a negative impact on the sense of
smell of adults and on the leaf consumption of the caterpillar. However, using the same backpack sprayer for
both chemical pesticides and biopesticides have led to cross-contamination, consequently, reduce the
effectiveness of biopesticides due to the presence of chemical residues (Kinyanjui et al., 2025).

Aqueous extract of castor bean (R. communis) leaves has been reported to be effective against a wide
range of pests, such as ants, termites, mites, caterpillars, mollusks, lice and fleas, as well as fungi and viruses
that cause diseases in agriculture. Consistent with these findings, the present results indicate that, under the
conditions in which these experiments were carried out, extracts of castor bean (R. communis L.) showed a
strong inhibitory effect on the survival of fall armyworm caterpillars (Peron & Ferreira, 2012).

In the study conducted by Mukanga et al., (2022) the leaf extract of R. communis showed superior
performance compared to other plant extracts. In the laboratory bioassay, the extracts caused larval mortality
rates 27-60% higher than those observed in the untreated control group within 72 hours. In field trials, the leaf
extracts significantly reduced infestation rates by 21.7-33.3% compared to the untreated control and reduced
the number of larvae per plant by 44-58%. Neem extract is obtained from the seeds of 4. indica, (Meliaceae)
a specie that grows in tropical and subtropical regions worldwide. This plant, of Asian origin, is considered
one of the most important insecticidal plants in the world. It contains several biological active compounds, the
important being azadirachtin. Azadirachtin is toxic to insects, exhibits repellent properties and inhibits feeding
and growth. Despite this role as a feeding inhibitor, the mode of action of azadirachtin is not yet fully
understood. In general, it is believed to blocks impulses from receptors responsive to phagostimulants and/or
stimulates cells involved in feeding inhibition (Rodrigues & da Silva, 2022).

According to Prasoona (2020), the effectiveness of botanical extracts is maximized when they are
combined. In that study, interactions between botanical extracts and solvents, significantly enhanced
antifeeding activity after 24 hours of application. Neem seed extract combined with ethyl acetate showed the
highest increase (60.95%), followed by methanol (58.8%). Similar effects were observed from Lantana leaf
extract with ethyl acetate (58.8%). Other solvent-extract combinations, including dichloromethane and hexane,
also resulted in substantial increases in antifeedant activity (55.9%-56.42%).

Adeoye, (2021), demonstrated that higher doses of 7. vogelii and H. suaveolens resulted in greater effect
on beetle mortality, toxicity, and repellency, as well as less weight loss and seed damage, with mortality rates
reaching up to 52% when using ethanolic extract. The ethanolic extract also showed higher toxic with LCs of
11.12% after 7 days of exposure and an LDso of 0.33 ml per 10 g of maize kernels after 7 days of exposure.
The ethanolic extract of 7. vogelii was more repellent than the aqueous extract and all other tested extracts,
regardless of the extraction method.

3.1 Statistical validation of efficacy via multiple regression

The relationship between observed and predicted efficacy indicates a satisfactory fit of the statistical
model, with a clear positive linear trend between experimental and estimated values (Figure 2). Multiple
regression analysis was used to model treatment efficacy as a function of entomological variables (LL = live
larvae; DL = dead larvae). Because count data were skewed, both variables were log-transformed [log(LL),
log(DL)] to satisfy model assumptions (Montgomery, 2017). The regression model explained approximately
69.6% of the variance in observed efficacy (adjusted R2=0.696; F=119.8; p=1.7x10-27), with an AIC of
854.15, indicating a good balance between fit and model complexity (Figure 2). This modelling approach is
consistent with methods used in agronomic entomology (Farias et al., 2001; Li et al., 2025).

Despite the overall strong performance, the dispersion of points around the regression line—particularly
at lower efficacy levels—suggests that additional factors influence the insecticidal response, such as variation
in extract chemical composition, differences in active compound concentrations, and interactions among
bioactive constituents. These sources of variability point to the need for complementary analyses, including
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residual diagnostics, independent validation, and the incorporation of phytochemical and environmental
covariates, to improve predictive robustness and field applicability.

Figure 2: Relationship between observed efficacy and efficacy predicted by the multiple regression model based on
log(LL) and log(DL).

Figure 3: Relagfo entre a eficacia observada e a eficacia prevista pelo modelo de regressdo multipla baseado em
log(LL) e log(DL).
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The negative association between log(LL) and efficacy indicates that higher larval survival is associated
with lower treatment performance, whereas the positive association with log(DL) confirms mortality as a direct
efficacy indicator. These patterns align with the bioactivity principles described by Isman (2016) and empirical
results reported by Martinez et al., (2021).

Botanical compounds, such as plant essential oils, can serve as alternative to synthetic insecticides as
they are considered toxic to pest insects, have low toxicity to mammals, and are generally compatible with
biological control programs. Studies report that essential oils are selective to beneficial arthropods, however,
exceptions may occur, which requires specific evaluation of their effects on natural enemies (Lima, 2020).

Botanical substances offer several advantages: most are low-cost and accessible to farmer; some are
highly toxic to pests but do not resist in the environment and decompose rapidly; and most are not toxic to
mammals. Plant-derived oils with insecticidal potential are gaining increasing attention in the pesticide
industry, leading to reduce productivity and crop quality (Okwute, 2012).

Currently, biopesticides are preferred over synthetic pesticides because they are less harmful to the
environment. Their effectivenness depends on proper timing and appropriate formulation. Therefore,
biopesticides for pest control are developed for various crops because they offer benefits such as lower toxicity,
affecting primarly target pest and closely related organisms, effectiveness in small quantities, rapid
decomposition, residual traces in food, and low pollution compared to synthetic pesticides (Soyel et al., 2023).

The use of biopesticides leads to a reduction in synthetic pesticides that are dangerous to human and
environmental health. The use of plants such as neem (4. indica), pepper (Capsicum annuum), garlic (Allium
sativum), moringa (Moringa oleifera), clove basil (Ocimum gratissimum), chinaberry (Melia azedarach), and
vernonia (Vernonia amygdalina) has been implemented to control various insect pests from families such as
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Hemiptera, Lepidoptera, Thysanoptera, Coleoptera, and Diptera, thus enriching agricultural practices,
promoting food security, and ensuring agricultural sustainability (Parajuli et al., 2022).

Different studies, such as those by Nemeyimana et al., (2023), have shown that the composition of
sustainable bioactive phytochemicals present in plants are active against a wide range of pests, including
worms, arthropods, and mites, among others. Various groups of phytochemicals present in these plants, such
as alkaloids, saponins, terpenoids, tannins, glycosides, carbohydrates, phytosterols, carotenoids, anthocyanins,
phenols, and lignans, have been studied and found in different parts of the plants, including roots, bark, and
leaves (Nwozo et al., 2023).

These phytochemicals have varying pesticidal effects, potentially causing respiratory blockage, anti-
feeding and anti-oviposition action, and even interruption of metamorphosis cycles with anti-molting
properties, further stimulating hormonal imbalances that lead to physiological dysfunctions, causing cuticle
disruption, impired mobility and feeding inhibition (Ashamo et al., 2022). According to Rioba & Stevenson
(2020), R. communis exhibited insecticidal, insectistatic, larvicidal, and growth-inhibitory effects on
Spodoptera frugiperda.

In the study conducted by Prasoona (2020), it was concluded that neem almond extract had greater
antifeedant activity against Spodoptera frugiperda larvae in the third instar when obtained by extraction with
ethyl acetate or 1% methanol and was also compared to the effect caused by 1% lantana leaf extract obtained
with ethyl acetate. The model’s predictive capacity suggests practical applicability for monitoring programs,
enabling technicians and farmers to estimate extract efficacy from simple field counts, consistent with evidence
based on decision frameworks in entomology (Kiobia et al., 2023).

3.2 Temporal dynamics of efficacy — Two-way ANOVA

Two-way ANOVA (treatment X week) was used to assess temporal dynamics in efficacy; both main
effects (treatment and week) were highly significant (p<0.001) and the treatment x week interaction was also
significant (p=0.002), indicating that treatment performance changed over time (Figure 3). Temporal variation
revealed distinct response trajectories among the botanical extracts. R. communis produced a rapid and
pronounced initial suppression of Spodoptera frugiperda, followed by a progressive decline in efficacy over
the monitoring period, consistent with a strong short-term toxic action but limited persistence of its active
constituents under our experimental conditions. By contrast, 7. vogelii and A. indica showed a gradual increase
in efficacy during the first weeks and then stabilized at consistently high levels, a pattern that may reflect
delayed bioactivity, cumulative effects, or sustained residual action due to the persistence and slow release of
secondary metabolites. The Kangila treatment maintained low efficacy throughout the assessment, indicating
limited potential for long-term control in the tested conditions.

The untreated control (T0) provided a baseline for natural pest dynamics and allowed us to quantify the
relative performance of each botanical over time. Taken together, these results point to meaningful differences
in persistence, mode of action and stability among plant-derived treatments and reinforce the need to evaluate
both immediate and residual effects when selecting botanical alternatives for sustainable pest management;
they also suggest that formulation and timing will be critical to translate promising short-term toxicity into
effective field strategies.
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Figure 4: Weekly efficacy (%) of treatments against Spodoptera frugiperda (J. E. Smith, 1797). Mean + SE; letters
indicate Tukey HSD groupings (o = 0.05) — treatments sharing the same letter do not differ significantly within that
week. Two-way ANOVA: treatment (p < 0.001), week (p <0.001), treatment X week (p = 0.002).

Figura 3: Eficicia semanal (%) dos tratamentos contra Spodoptera frugiperda (J. E. Smith, 1797). Média + SE; letras
indicam agrupamentos do teste HSD de Tukey (0=0.05) — tratamentos que partilham a mesma letra ndo diferem
significativamente nessa semana. ANOVA de duas vias: tratamento (p<0.001), semana (p<0.001), tratamento x semana
(p=0.002).
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Source: Elaborado pelos proprios autores (2025)
Fonte: Source: Elaborated by the authors (2025)

The application of the hydroalcoholic extract of R. communis initially showed a rapid and strong effect
in the first two weeks, subsequently a progressive decline in its effectiveness was observed until its total loss.
This evolution suggests acute toxicity with limited persistence. Regarding the extracts of 7. vogelii and A.
indica, a gradual increase in effectiveness was observed during the first weeks, and subsequently, stabilization
was observed when high levels were applied, indicating cumulative or even residual activity of these extracts.
The treatment where the commercial insecticide (Kangila) was applied showed consistently low effectiveness
throughout the evaluation period of the effects of the extracts studied. Concerning the reference treatment (TO0),
this served as an external comparison parameter during the evaluation period.

These profiles suggest differing modes of action and persistence among the tested extracts. The rapid
but short-lived effect of R. communis may reflect the presence of volatile or labile compounds, requiring
reapplication or formulation improvements to enhance field persistence. A similar trend was reported by Isman
(2016). The delayed but sustained action of 7. vogelii and A. indica may be attributable to lower volatility, and
to more stable active constituents (e.g., rotenone, azadirachtin) which confer residual activity as also reported
by Miresmailli & Isman (2014). The low efficacy of the Kangila treatment may result from low concentration
of active compounds, suboptimal extraction, or low affinity to the target pest (Corréa & Salgado, 2011).

In contrast to the present study, Mukanga et al., (2022) reported a relatively slow rate of larval mortality
caused by crude aqueous leaf extracts, which may have resulted in significant leaf damage in treated maize
between successive applications, compared to crop treated with a synthetic insecticide. These authors further
suggested that, although the plant extracts were effective in reducing leaf damage caused by the fall armyworm,
they were less effective than treatments involving synthetic insecticide.

Mkindi (2020), in a study of productivity treated with 7. vogelii, and T. diversifolia, reported that treated
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plants exhibited higher productivity compared to those treated with synthetic pesticides. Mukanga et al., (2022)
also reported that although there was no major difference between the plant extracts, their efficacy increased
with the number of applications and that the synthetic insecticide showed greater efficacy than plant extracts.

Ahmed et al., 2022) reported that the combination of extracts of Withania somnifera, Sophora mollis,
and Rhazia stricta resulted in 29.3% mortality of the fall armyworm, whereas individual treatments resulted
in lower larval mortality. The combination of the synthetic insecticide chlorpyrifos with extracts resulted in an
observed mortality of 40.0%. Ahmed et al., (2023), reported that larval mortality increased with increasing
conidia concentration and exposure time. All tested concentrations of the B. bassiana and M. anisopliae
isolates significantly increased larval mortality from day 3 to 10. A similar trend was observed for M.
anisopliae, reaching maximum larval mortality values of 76% and 70% of Spodoptera frugiperda for B.
bassiana and M. anisopliae, respectively, compared to day 1 and lower concentrations.

3.3 Multivariate structure of biological responses (PCA)

The PCA integrating LL (live larvae), DL (dead larvae) and Efficiency showed that the first two
components captured the vast majority of the variation (PC1 = 85.1%; PC2 = 12.9%; cumulative 98%),
indicating effective dimensionality reduction and a robust ordination. The biplot (Figure 4) reveals a clear
structure: R. communis and T. vogelii cluster close to the Efficiency vector, indicating a strong positive
association with high insecticidal performance. By contrast, Kangila and the untreated control (T0) align with
the LL vector, reflecting higher larval survival and correspondingly lower efficacy. A. indica occupies an
intermediate position, partially overlapping with the other treatments and indicating a mixed response profile.

Point dispersion is informative: R. communis shows greater spread around its centroid, consistent with
higher within-treatment variability, whereas 7. vogelii is more tightly clustered, suggesting more consistent
performance across replicates. The Efficiency vector is positively associated with DL and opposed to LL,
confirming that the ordination captures the expected antagonism between larval survival and treatment
effectiveness. These multivariate patterns are summarized in Figure 4 and provide a concise picture of how
treatments differ in their biological outcomes.

Figure 5: Principal component analysis (PCA) showing the multivariate distribution of treatments and entomological
variables.

Figura 4: Analise de componentes principais (PCA) mostrando a distribuicdo multivariada dos tratamentos e das
variaveis entomoldgicas.
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Projection of treatments and variables (efficacy, DL — dead larvae; LL. — live larvae) onto the first two principal
components. Vector arrows indicate the direction and strength of variable correlations between variables and components;
PCI1 =85.1% and PC2 = 12.9% (cumulative 98%). R. communis and T. vogelii are positively associated with high efficacy,
whereas Kangila and the control are associated with greater larval survival (low efficacy).

Projecdo dos tratamentos e das variaveis (eficacia; DL — larvas mortas; LL — larvas vivas) nos dois primeiros
componentes principais. Setas vetoriais indicam a direcdo e a intensidade das correlagdes entre varidveis e componentes;
PCI1 =85.1% and PC2 = 12.9% (cumulative 98%). R. communis e T. vogelii estdo positivamente associados a alta eficécia,
enquanto Kangila e o controlo estdo associados a maior sobrevivéncia larvar (baixa eficacia).

Source: Elaborado pelos proprios autores (2025)
Fonte: Source: Elaborated by the authors (2025)

The proximity of high-efficacy treatments to the efficacy vector is plausibly explained by bioactive
secondary metabolites (terpenoids, flavonoids, phenolics) that affect insect mortality and behaviour (Isman,
2006; Pavela & Benelli, 2016; Qie et al., 2022). The larger dispersion for R. communis likely reflects
heterogeneity in crude-extract composition or concentration among batches, a source of variability commonly
reported for botanical insecticides (Miresmailli & Isman, 2013; Jolliffe & Cadima, 2016).

Together, these observations indicate that botanical treatments elicit complex, multidimensional
responses and point to priorities for follow-up work — targeted phytochemical profiling, standardization of
extract preparation, and field validation — to translate the PCA patterns (Figure 4) into robust
pest-management recommendations. Overall, R. communis and T. vogelii emerged as promising candidates for
further development and formulation, whereas Kangila and the control showed limited practical potential
without further optimization.

4. Conclusion

This study provides robust experimental and statistical evidence that selected plant extracts can serve as
sustainable alternatives for controlling Spodoptera frugiperda in tropical maize. One-way ANOVA detected
significant differences among treatments (p < 0.05), and two-way ANOVA (treatment x week) showed highly
significant main effects for treatment and week (p < 0.001) with a significant interaction (p = 0.002), indicating
temporal variation in treatment performance. R. communis (36.22 = 23.31%) and T. vogelii (26.00 £ 27.07%)
delivered the highest mean efficacies and clustered close to the efficacy vector in the PCA (PC1 =85.1%, PC2
= 12.9%; cumulative = 98.0%), whereas the untreated control (TO; no extract) and Kangila aligned with the
LL vector. A multiple regression using log-transformed LL and DL explained 69.6% of the variance in efficacy
(adjusted R2 = 0.696; F = 119.8; p < 1.7x107?7), confirming that simple field counts are strong predictors of
performance. These findings support the integration of selected botanical extracts into community-based
integrated pest management (IPM) programs and highlight the need for further research on formulation and
application optimization under smallholder farming conditions.
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   ( P ) =  (     M 2 −   M 1    M 0 −   M 1 ) ∗ 100


  Efficiency    ( E ) =  (   M t − M c  100 − M c ) ∗ 100

