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Integration of selective insecticides with Metarhizium anisopliae for sustainable management of fall armyworm, Spodoptera frugiperda (J.E. Smith) in maize

ABSTRACT
Spodoptera frugiperda (J.E. Smith) is a destructive invasive pest that poses a serious threat to maize production, necessitating the development of sustainable management strategies. The present study evaluated the efficacy of integrating selective insecticides with Metarhizium anisopliae for the management of fall armyworm under field conditions. Field experiments were conducted at two locations in South Gujarat, India, during the Rabi 2025–26 season using novaluron 5.25 + emamectin benzoate 0.9 SC and thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC applied alone and in combination with M. anisopliae, along with M. anisopliae alone and an untreated control. Repeated-measures mixed-effects analysis revealed significant treatment effects on plant infestation, leaf damage, cob infestation and cob yield. Among the evaluated treatments, novaluron 5.25 + emamectin benzoate 0.9 SC integrated with M. anisopliae recorded the lowest plant infestation (32.92%), leaf damage score (2.70) and cob infestation (11.01%), and produced the highest cob yield (13.21 t ha⁻¹), representing a 40.53% increase over the untreated control. Although statistically comparable with novaluron 5.25 + emamectin benzoate 0.9 SC applied alone for most parameters, the integrated treatment consistently showed numerically superior performance. In contrast, M. anisopliae applied alone provided only moderate suppression of fall armyworm and lower yield protection than insecticide-based treatments. These findings demonstrate that integrating M. anisopliae with selective insecticides improves fall armyworm management and maize productivity, highlighting its potential as an effective component of integrated pest management (IPM) for sustainable maize production.
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1. INTRODUCTION
Maize (Zea mays L.) is one of the most important cereal crops worldwide, serving as a major source of food, feed and industrial raw materials. However, its productivity is severely constrained by the fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), an invasive pest that has become a serious threat to maize production across tropical and subtropical regions. Native to the Americas, S. frugiperda was first reported outside its native range in West Africa in 2016 and subsequently spread rapidly across Africa, Asia and Oceania (Goergen et al., 2016; Food and Agriculture Organization of the United Nations, 2019). In India, the pest was first detected on maize in Karnataka during 2018 and quickly established across major maize-growing regions, including Gujarat, owing to its strong migratory ability, high reproductive potential and continuous availability of host plants (Sharanabasappa et al., 2018; Sisodiya et al., 2018). 
The invasive success of S. frugiperda is attributed to its polyphagous nature, rapid population growth and concealed feeding behaviour. Larvae feed predominantly within the maize whorl, producing characteristic foliar injury that reduces photosynthetic efficiency and, under severe infestations, may destroy the growing point and substantially reduce grain yield. The concealed feeding habit of older larvae also limits their exposure to insecticides and natural enemies, making effective management difficult. Yield losses exceeding 50% have been reported under severe infestations, emphasising the need for efficient and sustainable management strategies (Morrill & Greene, 1973; Young, 1979; Martin et al., 1980; Srinivasan et al., 2022). 
Chemical insecticides remain the primary means of managing fall armyworm because of their rapid knockdown effect and reliable field performance. In particular, newer premix insecticides with multiple modes of action have improved control efficiency and are increasingly adopted in pest management programmes. However, excessive reliance on chemical insecticides has accelerated the development of insecticide resistance and raised concerns regarding non-target effects, environmental contamination and long-term sustainability (Yu, 1991; Day et al., 2017; Prasanna et al., 2018). These limitations have reinforced the need to integrate biological control agents with chemical control as part of sustainable integrated pest management (IPM) programmes. Recent resistance-monitoring evidence has documented substantial variation in susceptibility among S. frugiperda populations exposed to conventional insecticides, reinforcing the need for resistance-aware diversification of control tactics within IPM (Nascimento et al., 2023).
Among microbial biocontrol agents, the entomopathogenic fungus Metarhizium anisopliae (Metschn.) Sorokin has attracted considerable attention because of its broad host range, environmental safety and ability to infect insects through direct cuticular penetration (Roberts & St. Leger, 2004). Nevertheless, its comparatively slower speed of action and moderate efficacy under heavy pest pressure often limit its use as a stand-alone management option against S. frugiperda (Carneiro et al., 2008; García-G. et al., 2011; Thomazoni et al., 2014). Consequently, integrating compatible insecticides with M. anisopliae has been proposed as a promising strategy to combine the rapid suppression provided by insecticides with the long-term biological activity of the fungus, thereby improving pest management while reducing dependence on synthetic insecticides. Recent compatibility assays further showed that emamectin benzoate and the novaluron + emamectin benzoate premix caused relatively low inhibition of M. anisopliae growth, supporting their consideration in fungus-insecticide integration (Sugeetha et al., 2024). Experimental evidence has also reported synergistic activity between emamectin benzoate and M. anisopliae against S. frugiperda larvae, while emphasising the need to translate laboratory responses into robust field validation (Cao et al., 2025). A recent review of fall armyworm management in maize similarly emphasised microbial and other ecological approaches as components of broader IPM programmes rather than as isolated interventions (Murugan et al., 2026).
Although several studies have investigated the efficacy of insecticides or entomopathogenic fungi against S. frugiperda and a few have examined their compatibility under laboratory conditions, field validation of compatible insecticide and M. anisopliae combinations under natural infestations remains limited, particularly under Indian agro-climatic conditions. Furthermore, information on their effects on crop injury and yield under field conditions is insufficient to support practical integrated pest management (IPM) recommendations. In this context, the present study was undertaken to evaluate the field efficacy of selected insecticides applied individually and in combination with M. anisopliae against S. frugiperda in maize by assessing their effects on plant infestation, leaf damage, cob infestation, and cob yield.
2 MATERIALS AND METHODS
A field experiment was conducted to evaluate the efficacy of selected insecticides applied individually and in combination with Metarhizium anisopliae for the management of fall armyworm, S. frugiperda, in sweet corn. The experiment was conducted during the Rabi 2025–26 cropping season at two locations in South Gujarat, India, namely Navsari (20°55′40.41″ N, 72°54′11.96″ E) and Bardoli (21°07′43.61″ N, 73°05′43.11″ E). The crop was sown in November 2025 using the sweet corn variety ‘Sweet Glory’.
The experiment was laid out in a Randomised Complete Block Design (RCBD) with three replications. Each treatment plot measured 3.6 × 4.0 m with a net plot size of 2.4 × 3.2 m used for recording observations. The crop was maintained at a spacing of 60 cm × 20 cm (row × plant). The details of the insecticides evaluated are presented in Table 1.
Table 1. Details of insecticides evaluated in the field against S. frugiperda
	Technical name
	Chemical class
	IRAC Group
	Conc.
(%)

	Novaluron 5.25 + emamectin benzoate 0.9 SC
	Benzoylurea insect growth regulator + Avermectin
	15 + 6
	0.0027

	Thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC
	Neonicotinoid + Pyrethroid
	4A + 3A
	0.0055



M. anisopliae 1.15 WP (1 × 10⁸ CFU g⁻¹; NAU strain) was applied at 0.007% either alone or in combination with the respective insecticides. Treatments were applied as foliar sprays using a battery-operated knapsack sprayer calibrated to ensure uniform coverage of the maize whorl and foliage. The first spray was applied at the onset of S. frugiperda infestation, followed by a second application 15 days later. All treatments were applied using the recommended spray volume, and care was taken to avoid spray drift between adjacent plots.
Per cent plant infestation was assessed by recording the number of infested and healthy plants in each net plot. Since leaf damage caused by S. frugiperda larvae is irreversible, observations were recorded on the newly emerging whorls to obtain an accurate assessment of fresh infestation following each spray. Leaf damage was assessed using the 0–9 visual damage rating score developed by Davis et al. (1992) (Table 2).
Sweet corn cobs were harvested at marketable maturity, and the cumulative cob yield was calculated by summing the yield from all harvests. At each picking, healthy and infested cobs from each plot were counted to determine per cent cob infestation. Subsequently, the entire above-ground biomass from each plot was harvested to estimate fodder yield. Cob yield and fodder yield recorded on a plot basis (kg plot⁻¹) were converted to tonnes per hectare (t ha⁻¹). The per cent increase in cob yield over the untreated control was calculated as:

where T is the cob yield of the treatment (kg ha⁻¹) and C is the cob yield of the untreated control (kg ha⁻¹).
Leaf damage score data were subjected to √(x + 0.5) transformation, whereas per cent plant infestation and per cent cob infestation data were subjected to arcsine transformation before statistical analysis. Data recorded over successive observation periods were analysed using a repeated-measures linear mixed-effects model fitted by restricted maximum likelihood (REML), with location, spray, treatment and observation period considered as fixed effects. Repeated observations on the same experimental plots were modelled using a first-order autoregressive [AR(1)] covariance structure. Fixed effects were evaluated by analysis of variance (ANOVA), and model assumptions were assessed using residual diagnostic plots, the Shapiro–Wilk, Levene's and Bartlett's tests, and Cook's distance. Estimated marginal means were computed using the emmeans package, and treatment means were separated using Tukey's multiple comparison test at P < 0.05. All statistical analyses were performed using R version 4.5.1 (R Foundation for Statistical Computing, Vienna, Austria) within the RStudio Integrated Development Environment (Posit Software, Boston, MA, USA).
Table 2. Visual rating scores for leaf damage assessment
	Score
	Damage

	0
	No visible leaf damage

	1
	Only pinhole damage on leaves

	2
	Pinhole and shot hole damage to leaf

	3
	Small, elongated lesions (5-10mm) on 1-3 leaves

	4
	Midsized lesions (10-30mm) on 4-7 leaves

	5
	Large, elongated lesions (>30cm) or small pinhole lesions

	6
	Elongated lesions (>30cm) and large portions eaten on 3-5 leaves

	7
	Elongated lesions (>30cm) and 50% of leaf eaten

	8
	Elongated lesions (>30cm) and large portions eaten on 70% of leaves

	9
	Most leaves with long lesions and complete defoliation observed


3. RESULTS AND DISCUSSION
3.1 Effect of Treatments on Per cent Infestation
Repeated-measures mixed-model ANOVA of per cent infestation data revealed significant effects of location (F₁,₄₈ = 6.764, P = 0.0123), treatment (F₅,₄₈ = 158.936, P < 0.001) and observation period (F₅,₂₄₀ = 18.125, P < 0.001), whereas the effect of spray was not significant (F₁,₄₈ = 2.523, P = 0.1188). Among the interaction effects, spray × treatment (F₅,₄₈ = 44.829, P < 0.001), spray × period (F₅,₂₄₀ = 4.877, P = 0.0003) and treatment × period (F₂₅,₂₄₀ = 5.044, P < 0.001) were significant. All remaining two-, three- and four-way interactions involving location, spray, treatment and observation period were non-significant (Table 3). Since the location × treatment interaction was non-significant (F₅,₄₈ = 0.338, P = 0.8876), treatment means were pooled across locations for comparison.
Pooled estimated marginal means differed significantly among treatments. The temporal pattern of per cent infestation across the six observation periods following the first and second sprays is presented in Figure 1. The combination of novaluron 5.25 + emamectin benzoate 0.9 SC + M. anisopliae recorded the lowest per cent infestation (32.92 ± 0.95%), which was statistically comparable to novaluron 5.25 + emamectin benzoate 0.9 SC applied alone (35.00 ± 0.95%). The combination of thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC + M. anisopliae (41.81 ± 0.95%) and thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC applied alone (41.67 ± 0.95%) produced intermediate infestation levels and were not significantly different from each other. M. anisopliae applied alone recorded 49.17 ± 0.95% infestation, whereas the untreated control (water spray) exhibited the highest infestation (65.83 ± 0.95%). Pairwise comparisons were significant for all treatment combinations except between novaluron 5.25 + emamectin benzoate 0.9 SC with and without M. anisopliae (P = 0.632) and between thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC with and without M. anisopliae (P = 1.000).
[image: D:\PhD\Paper\UPJZ\Percent Infestation.png]Figure 1. Temporal variation in per cent infestation caused by S. frugiperda following the first and second sprays under different treatments
Note: Values represent estimated marginal means (± SE) pooled over locations and replications obtained from the repeated-measures mixed-effects model. Observations were recorded at 1, 3, 5, 7, 10 and 14 days after each spray. Treatments: T1 = novaluron + emamectin benzoate + M. anisopliae; T2 = thiamethoxam + lambda-cyhalothrin + M. anisopliae; T3 = novaluron + emamectin benzoate; T4 = thiamethoxam + lambda-cyhalothrin; T5 = M. anisopliae; T6 = untreated control.
The observed trend suggests that integrating M. anisopliae with insecticides maintained or marginally improved field efficacy, while the fungal treatment alone was inadequate for achieving satisfactory suppression under natural infestation. The superiority of emamectin benzoate-based treatments observed in the present investigation corroborates earlier field studies reporting their consistent effectiveness against fall armyworm. Bharadwaj et al. (2020) and Poul et al. (2020) reported significantly lower larval populations with emamectin benzoate than with thiamethoxam + lambda-cyhalothrin, indicating the higher efficacy of emamectin-based insecticides in suppressing S. frugiperda. Likewise, Ahir et al. (2022) found emamectin benzoate to be among the most effective treatments, producing lower plant and leaf damage and higher yield than several biopesticide treatments, including M. anisopliae. The close agreement between these studies and the present findings suggests that emamectin benzoate continues to provide reliable field control of fall armyworm across different agro-climatic conditions. 
An important outcome of the present investigation was that the addition of M. anisopliae to insecticidal treatments did not reduce their effectiveness and consistently resulted in numerically lower infestation than the respective insecticides applied alone. Although the differences were not statistically significant, this trend indicates that the entomopathogenic fungus is compatible with these insecticides under field conditions. Similar observations were reported by Haritha et al. (2023), who found greater population reduction with insecticide and M. anisopliae combinations than with M. anisopliae alone, demonstrating the value of integrating biological and chemical approaches for fall armyworm management. 
Recent global evidence further supports the integration of biological control agents with complementary pest management strategies. Wyckhuys et al. (2024) reported that although numerous parasitoids, predators and entomopathogens have been identified against S. frugiperda, relatively few have been rigorously validated under field conditions. The authors emphasised the need for standardised field evaluations and stronger integration of biological control within IPM programmes. The present findings are consistent with these recommendations by providing field-based evidence that integrating M. anisopliae with selective insecticides can effectively suppress fall armyworm without compromising insecticidal performance, thereby supporting sustainable IPM strategies.
The comparatively poor performance of M. anisopliae applied alone in the present study is also consistent with previous reports. Ahir et al. (2022) reported lower efficacy of M. anisopliae than emamectin benzoate in field trials, while recent findings by Shahi et al. (2024) similarly showed that M. anisopliae was less effective than chlorantraniliprole, emamectin benzoate and flubendiamide in suppressing fall armyworm under field conditions. Nevertheless, both studies demonstrated that fungal applications still reduced infestation compared with the untreated control, supporting their potential role as components of integrated pest management rather than as stand-alone interventions. 
3.2 Effect of Treatments on Leaf Damage Score
Repeated-measures mixed-model ANOVA of leaf damage score revealed significant effects of treatment (F₅,₄₈ = 81.808, P < 0.001) and observation period (F₅,₂₄₀ = 6.999, P < 0.001), whereas the effects of location (F₁,₄₈ = 0.092, P = 0.7629) and spray (F₁,₄₈ = 0.985, P = 0.3259) were not significant. Among the interaction effects, spray × treatment (F₅,₄₈ = 20.429, P < 0.001) and treatment × period (F₂₅,₂₄₀ = 5.071, P < 0.001) were significant, whereas spray × period (F₅,₂₄₀ = 1.778, P = 0.1180) and all remaining two-, three- and four-way interactions involving location, spray, treatment and observation period were non-significant (Table 3). Since the location × treatment interaction was not significant (F₅,₄₈ = 0.009, P = 1.0000), treatment means were pooled across locations for comparison.
Pooled estimated marginal means showed significant differences among treatments. The temporal pattern of leaf damage score across the six observation periods following the first and second sprays is presented in Figure 2. The combination of novaluron 5.25 + emamectin benzoate 0.9 SC + M. anisopliae recorded the lowest leaf damage score (2.70 ± 0.15), which was statistically comparable to novaluron 5.25 + emamectin benzoate 0.9 SC applied alone (2.76 ± 0.15). Likewise, the combination of thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC + M. anisopliae (3.45 ± 0.15) and thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC applied alone (3.50 ± 0.15) were statistically comparable and produced intermediate levels of leaf damage. M. anisopliae alone resulted in a mean leaf damage score of 4.49 ± 0.15, whereas the untreated control (water spray) recorded the highest damage score (6.24 ± 0.15). Pairwise comparisons were significant for all treatment combinations except between novaluron 5.25 + emamectin benzoate 0.9 SC with and without M. anisopliae (P = 0.9997) and between thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC with and without M. anisopliae (P ≈ 1.000).
[image: D:\PhD\Paper\UPJZ\Leaf Damage Score.png]Figure 2. Temporal variation in maize leaf damage score caused by S. frugiperda under different treatments following the first and second sprays
Note: Values represent estimated marginal means (± SE) pooled over locations and replications from the repeated-measures mixed-effects model. Observation periods correspond to 1, 3, 5, 7, 10 and 14 days after each spray. Treatments: T1 = Novaluron + emamectin benzoate + M. anisopliae; T2 = Thiamethoxam + lambda-cyhalothrin + M. anisopliae; T3 = Novaluron + emamectin benzoate; T4 = Thiamethoxam + lambda-cyhalothrin; T5 = M. anisopliae; T6 = Untreated control
The present investigation indicates that the reduction in leaf injury closely reflected the observed reduction in plant infestation, emphasising that effective suppression of larval feeding directly translated into lower foliar damage.
The present findings are in close agreement with those of Deshmukh et al. (2020), who identified emamectin benzoate among the most effective field treatments against fall armyworm, with lower crop damage and higher grain yield than the untreated control, while Shivakumara (2021) also identified emamectin benzoate as one of the most effective insecticides in minimising damage severity caused by S. frugiperda. Similarly, Sharma et al. (2023) observed significantly lower leaf damage in maize treated with emamectin benzoate than in untreated plots, confirming the ability of emamectin-based insecticides to protect the crop from extensive foliar injury. These studies collectively support the present observation that treatments containing emamectin benzoate consistently produced lower damage scores than the remaining treatments. 
[bookmark: _Hlk236233276]The relatively higher damage scores recorded with thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC, despite being significantly lower than the untreated control, are consistent with earlier reports indicating that this combination provides satisfactory but comparatively lower protection than emamectin-based treatments. Ahir et al. (2022) similarly reported lower plant and leaf damage with emamectin benzoate than with M. anisopliae. Likewise, Zaman and Patel (2023) observed that biological treatments, including M. anisopliae, reduced leaf damage but were less effective than newer insecticides under field conditions. These findings reinforce the present results, where M. anisopliae alone reduced leaf injury relative to the untreated control but failed to achieve the level of protection provided by insecticidal treatments. 
An important outcome of the present study was that integrating M. anisopliae with insecticides consistently resulted in numerically lower leaf damage than the respective insecticides applied alone, although the differences were not statistically significant. This suggests that the fungal biocontrol agent is compatible with the tested insecticides and can be incorporated into integrated pest management programmes without compromising insecticidal efficacy. Haritha et al. (2023) reported a similar trend, where insecticide and M. anisopliae combinations produced greater suppression of fall armyworm populations than M. anisopliae alone, ultimately contributing to lower crop injury. Such integration may therefore enhance the sustainability of fall armyworm management by combining rapid chemical suppression with the biological activity of entomopathogenic fungi. 
Table 3. Repeated-measures mixed-model ANOVA for per cent infestation and leaf damage score of S. frugiperda
	Source of variation
	Num df
	Den df
	Per cent infestation
	Leaf Damage Score

	
	
	
	F-value
	P-value
	F-value
	P-value

	Location
	1
	48
	6.764
	0.0123
	0.092
	0.7629

	Spray
	1
	48
	2.523
	0.1188
	0.985
	0.3259

	Treatment
	5
	48
	158.936
	<0.001
	81.808
	<0.001

	Period
	5
	240
	18.125
	<0.001
	6.999
	<0.001

	Location × Spray
	1
	48
	0.012
	0.9147
	0.000
	0.9953

	Location × Treatment
	5
	48
	0.338
	0.8876
	0.009
	1.0000

	Spray × Treatment
	5
	48
	44.829
	<0.001
	20.429
	<0.001

	Location × Period
	5
	240
	0.372
	0.8677
	0.008
	1.0000

	Spray × Period
	5
	240
	4.877
	0.0003
	1.778
	0.1180

	Treatment × Period
	25
	240
	5.044
	<0.001
	5.071
	<0.001

	Location × Spray × Treatment
	5
	48
	0.099
	0.9919
	0.001
	1.0000

	Location × Spray × Period
	5
	240
	0.232
	0.9483
	0.006
	1.0000

	Location × Treatment × Period
	25
	240
	0.126
	1.0000
	0.006
	1.0000

	Spray × Treatment × Period
	25
	240
	0.398
	0.9960
	0.187
	1.0000

	Location × Spray × Treatment × Period
	25
	240
	0.164
	1.0000
	0.004
	1.0000


3.3 Effect of Treatments on Cob Yield and Per cent Cob Infestation
The analysis of variance revealed that treatment had a significant effect on cob yield (F = 8.798; P < 0.001), whereas the effects of location (F = 0.902; P = 0.3536), location × replication (F = 0.577; P = 0.6824), and location × treatment interaction (F = 0.002; P = 1.0000) were non-significant (Table 4). Similarly, per cent cob infestation was significantly influenced by treatment (F = 27.087; P < 0.001), while the effects of location (F = 0.784; P = 0.3863), location × replication (F = 0.555; P = 0.6980), and location × treatment interaction (F = 0.013; P = 0.9999) were non-significant, indicating consistent treatment performance across locations. 
The highest cob yield was recorded in novaluron 5.25 + emamectin benzoate 0.9 SC integrated with M. anisopliae (13.21 t ha⁻¹), representing a 40.53% increase in cob yield over the untreated control. This treatment also recorded the lowest cob infestation (11.01%). Novaluron 5.25 + Emamectin benzoate 0.9 SC applied alone produced a comparable cob yield (13.08 t ha⁻¹) with a 39.96% increase over control and 11.82% cob infestation, and was statistically at par with the integrated treatment. Thiamethoxam 12.60 + Lambda-cyhalothrin 9.50 SC integrated with M. anisopliae recorded a cob yield of 11.95 t ha⁻¹, corresponding to a 34.25% increase over control, with 17.66% cob infestation, while Thiamethoxam 12.60 + Lambda-cyhalothrin 9.50 SC applied alone yielded 11.85 t ha⁻¹ (33.72% increase) with 19.04% cob infestation. M. anisopliae applied alone produced 10.42 t ha⁻¹, representing a 24.62% increase in cob yield, but recorded 26.80% cob infestation. The untreated control (water spray) recorded the lowest cob yield (7.86 t ha⁻¹) and the highest cob infestation (34.59%). Overall, treatments that resulted in lower cob infestation were associated with higher cob yields, with the integrated application of novaluron 5.25 + emamectin benzoate 0.9 SC + M. anisopliae providing the best overall performance.
Table 4. ANOVA for per cent cob infestation and cob yield of maize under different treatments and locations
	Source of variation
	Num df
	Den df
	Per cent cob infestation
	Cob yield

	
	
	
	F-value
	P-value
	F-value
	P-value

	Location
	1
	20
	0.784
	0.3863
	0.902
	0.3536

	Treatment
	5
	20
	27.087
	<0.001
	8.798
	<0.001

	Location × Replication
	4
	20
	0.555
	0.6980
	0.577
	0.6824

	Location × Treatment
	5
	20
	0.013
	0.9999
	0.002
	1.0000


The results demonstrated that effective suppression of S. frugiperda translated into improved cob yield. Greater protection of maize from fall armyworm infestation and associated foliar injury was directly reflected in higher cob productivity.
The positive effect of effective fall armyworm management on cob yield observed in this study agrees with Ahir et al. (2022), who found that more effective insecticidal treatments, including emamectin benzoate, produced lower fall armyworm damage and higher maize yield than less effective biopesticide treatments. In their field trials, M. anisopliae was less effective than emamectin benzoate, a trend consistent with the present findings, where the fungal treatment alone was less effective in protecting yield than insecticide-based treatments. Collectively, these findings indicate that effective suppression of fall armyworm during crop growth is essential for maximising cob production.
An important finding of this study was that integrating M. anisopliae with insecticides consistently produced numerically higher cob yields than the corresponding insecticides applied alone, although the differences were not statistically significant. These findings indicate that M. anisopliae is compatible with the tested insecticides and can be integrated into integrated pest management (IPM) programmes without compromising crop productivity. Similar observations were reported by Haritha et al. (2023), who demonstrated that combinations of M. anisopliae with insecticides provided greater suppression of fall armyworm populations than the fungal treatment alone. The improved performance of the integrated treatments may be attributed to the rapid initial suppression of larval populations by insecticides, followed by the continued pathogenic activity of M. anisopliae against surviving larvae, thereby extending pest suppression during crop growth. Enhanced pest suppression through such integration likely contributed to better preservation of photosynthetically active leaf area, resulting in improved assimilate production and subsequent grain filling.
The close relationship between pest suppression and yield improvement was further evident from the corresponding reduction in cob infestation. Treatments that effectively reduced plant infestation and leaf damage also recorded lower cob infestation and consequently produced higher cob yields. Conversely, the untreated control, which recorded the highest infestation throughout the cropping period, produced the lowest cob yield. Similar relationships between effective pest management, reduced crop damage, and enhanced yield have been reported by Ahir et al. (2022) and were also evident in the findings of Shahi et al. (2024), where superior suppression of fall armyworm by newer insecticides resulted in improved maize productivity compared with untreated plots. The improved performance of the integrated treatments may be attributed to the rapid suppression of larval populations by insecticides, followed by continued pathogenic activity of M. anisopliae against surviving individuals. Overall, the agreement between the present findings and previous field studies indicates that integrating compatible entomopathogenic fungi with selective insecticides can contribute to sustainable fall armyworm management while maintaining higher maize productivity.
Although the integrated treatments were not statistically superior to the corresponding insecticides applied alone, the consistent numerical improvements observed across all measured parameters may still be of practical importance under field conditions. In crop protection studies, small but consistent improvements in pest suppression and yield can contribute to greater production stability, particularly under variable environmental conditions and fluctuating pest pressure. Therefore, the observed numerical advantage suggests that integrating M. anisopliae with selective insecticides may provide additional biological benefits without compromising insecticidal efficacy and may warrant further validation under diverse production environments.
The present investigation was conducted during a single Rabi season at two locations in South Gujarat under natural fall armyworm infestation. Although treatment responses were generally consistent across the two locations, seasonal variation, environmental conditions, and regional differences in pest pressure may influence treatment performance. Therefore, further multi-season and multi-location studies, together with economic analyses and assessments of long-term impacts on beneficial organisms, are required to validate the broader applicability of the integrated management strategy under diverse agro-climatic conditions.
4. CONCLUSION
The present investigation demonstrated that integrating selective insecticides with M. anisopliae is an effective strategy for the management of fall armyworm, S. frugiperda, in maize. Among the evaluated treatments, the combination of novaluron 5.25 + emamectin benzoate 0.9 SC and M. anisopliae consistently provided the best overall performance by reducing plant infestation, leaf damage, and cob infestation while producing the highest cob yield. Although its performance was statistically comparable with novaluron 5.25 + emamectin benzoate 0.9 SC applied alone for most parameters, the integrated treatment consistently showed numerically superior performance, suggesting that M. anisopliae can be successfully integrated with the insecticide under field conditions. The combination of thiamethoxam 12.60 + lambda-cyhalothrin 9.50 SC and M. anisopliae also effectively suppressed fall armyworm and improved cob yield over the untreated control, whereas M. anisopliae applied alone provided only moderate protection.
The study further established a clear relationship between effective suppression of fall armyworm infestation, reduced foliar and cob damage, and improved maize productivity, emphasising the importance of timely pest management during crop growth. Integrating entomopathogenic fungi with selective insecticides offers a promising approach for reducing crop losses while strengthening integrated pest management (IPM) programmes. Under the conditions of the present study, the integration of novaluron 5.25 + emamectin benzoate 0.9 SC with M. anisopliae appears to be a promising option for inclusion in IPM programmes for fall armyworm management in maize. Adoption of such integrated strategies may help reduce reliance on repeated applications of synthetic insecticides, thereby lowering environmental contamination, minimising adverse effects on beneficial organisms, and supporting more sustainable maize production. Further multi-season and multi-location validation will help confirm the broader applicability of this integrated strategy under diverse agro-climatic conditions.



Limitations
The study was conducted during a single Rabi season at only two locations in South Gujarat, with three replications per treatment, which may limit the generalisability of the findings across seasons and agro-climatic regions. Treatment performance was evaluated under natural fall armyworm infestation, where pest pressure and environmental conditions may vary. The study did not include economic analysis or long-term assessment of effects on beneficial organisms. Future studies should include multi-season, multi-location trials with broader environmental conditions, together with economic evaluation and assessment of non-target effects.
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