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Abstract

Fall armyworm (FAW), Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), is a serious invasive insect pest
affecting global maize production. Effective integrated management of FAW is essential to minimize the yield losses. The
objective of this study is to determine a suitable package for the sustainable management of FAW by validating the poten-
tiality of various integrated approaches through field trials. In the present study, five different integrated pest management
treatments consisted of different components were synthesized and evaluated against fall armyworm in maize-based systems
during winter (December 2022—April 2023) and rainy (July—November 2023) seasons. The data on the number of plants
damaged, leaf damage rating (1-9 scale), and natural enemies such as spiders, coccinellids, and earwigs were recorded
from 20 randomly selected plants at 7 and 14 days after the first and second sprays. Yield data (q ha™') were recorded at
the time of harvest. Treatment 1 consisting of pheromone traps at a rate of 4 per acre with ICAR-NBAIR lures, erection
of bird perches at a rate of 10 per acre, seed treatment with Chlorantraniliprole 50 FS at a rate of 5.6 ml per kilogram of
seed, and spray application of azadirachtin 1500 ppm at the rate of 5 ml per litre, and Metarrhizium anisopliae with spore
count of 1x 10® cfu/g (1 kg per acre) at a rate of 5 g per litre significantly reduced the per cent plant infestation (12.7) and
leaf damage rating (2.1) by FAW larvae compared to untreated control (39.7, 4.1), respectively. The higher natural enemy
population (spiders, coccinellids, and earwigs) was also observed in Treatment 1 (8.8) compared to Treatment 5 (4.1) (chemi-
cal control). Furthermore, higher grain yield of 51.5 q ha™! was obtained in Treatment 1 with a cost-benefit ratio of 1:2.1,
whereas in untreated control, the yield obtained was 29.0 q ha=! with a cost—benefit ratio of 1:1.3. The highest per cent of
avoidable yield losses of 43.6 was observed in Treatment 1 in comparison with other treatments. Integration of sustainable
management approaches reduces the application of chemical insecticides and enhances the population of natural enemies
which would be beneficial to maize farmers.
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Introduction

Fall armyworm (FAW), Spodoptera frugiperda (J. E.
Smith), is an invasive insect pest of maize posing a serious
threat to global food security (Stokstad 2017a, b). The pest
migrated from neotropical areas of America to West Africa
in early 2016 (Georgen et al. 2016) and quickly spread
to most of the countries in sub-Saharan Africa. From
African countries, it has invaded Yemen, India, China,
Thailand, Myanmar, Sri Lanka, Bangladesh, Nepal, Cam-
bodia, the Philippines, Vietnam, Indonesia, China, South
Korea, Japan, Australia, Papua New Guinea, Jordan, and
Syria (Prasanna et al. 2021; CABI 2022). In India, Kar-
nataka experienced the first outbreak of FAW in 2018,
which caused significant economic yield losses in maize
(Sharanabasappa et al. 2018; Shylesha et al. 2018), and
within 1 year, it spreads to major maize-growing ecologies
(Rakshit et al. 2019; Suby et al. 2020). It is a highly poly-
phagous insect pest that attacks more than 350 host plants
including maize (Zea mays L.), rice (Oryza sativa), sor-
ghum (Sorghum bicolor), cotton (Gossypium spp. L), and
soybean (Glycine max) (Barros et al. 2010). FAW is highly
eurytopic and could complete 12 generations in a year in
tropical climates (Busato et al. 2005). The larvae feed on
vegetative and reproductive parts of the plant including
leaf whorls, tassels, and cobs, and cause significant yield
losses. Adhikari et al. (2020) reported that the effect of fall
armyworm damage on maize yield is about 50-80% result-
ing in loss of millions of dollars. In Africa, without effec-
tive FAW management options, this pest causes significant
maize yield losses ranging from 8.3 to 20.6 million tonnes
per year, resulting in losses of $2.5-6.2 million (Mendesil
et al. 2023). In 2017, maize production in India reached
28.7 million tonnes, but a decline of 3.2% occurred due
to infestation by insect pests, resulting in a production of
27.8 million tonnes (Manupriya 2019). Presently, FAW is
established in over 42 countries, with an estimated annual
impact of $13 billion.

In India, FAW has strongly established due to favour-
able climatic conditions, high reproductive ability, and
capacity to migrate over long distances (Rose et al. 1975).
The sudden invasion of the FAW in India has prompted
numerous recommendations advocating for the use of
chemical insecticides applied as foliar sprays. However,
the FAW tendency to feed within the whorl portion of
maize poses a challenge as it makes the insecticides inef-
fective in reaching their target site. Additionally, the use
of these toxic pesticides has led to the development of
resistance in pests (Gutierrez-Moreno et al. 2019), toxic-
ity to beneficial fauna (Abudulai et al. 2018), pest resur-
gence, and poses environmental and human health risks
(Roubos et al. 2014). The reliance on chemical pesticides
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to mitigate yield losses caused by FAW has increased
production costs, rendering maize farming less profit-
able. In India, where a significant number of farmers are
smallholders facing financial constraints, the emergence
of FAW as a new invasive pest underscores the dearth of
experimental data on integrated pest management (IPM).
Recently, various biorational management strategies have
gained prominence for FAW control. Hence, it is impera-
tive to assess the effectiveness and potential of diverse
biorational management strategies and indigenous natural
enemies for potential integration into comprehensive IPM
strategies.

Pheromones have proven to be valuable in various aspects
of insect pest management, including monitoring, mass-trap-
ping, and disrupting mating patterns, and have been particu-
larly effective in tracking male populations, as documented
by Mitchell et al. (1985, 1989). Employing pheromone traps
for the surveillance of FAW adults emerges as the most
effective method for determining the requisite number of
pesticide applications needed to manage the pest in maize,
as indicated by Cruz et al. (2010). Monitoring through pher-
omone traps is considered a critical activity and a funda-
mental tool in the proactive control of insect pests, as high-
lighted by Stokstad (2017a, b) and Hendrichs et al. (2021).
Bird perches play a crucial role in supporting insectivorous
birds that actively prey on insect pests throughout the entire
crop growth period. The incorporation of bird perches is a
fundamental component of IPM, proving highly effective
in reducing populations of lepidopteran larvae. Rao et al.
(1998) underscored the constructive contribution of birds in
significantly diminishing larval populations of Spodoptera
litura and Helicoverpa armigera in groundnut crops. Seed
treatment is one of the most important IPM technologies
which has the greatest potential to tackle FAW infestation
especially during early growth stages of maize (Chinwada
et al. 2023). Furthermore, treating seeds with chemicals
requires less insecticide, reduces environmental contami-
nation, and exposure to natural enemies (Nault et al. 2004).

The use of biopesticides, including entomopathogenic
formulations and botanicals, represents an exciting alter-
native to synthetic pesticides. This approach is advanta-
geous due to its cost-effectiveness, rapid degradation,
lower likelihood of harming natural enemies, and overall
environmentally friendly nature (Sisay et al. 2019). The
FAW has been identified as highly susceptible to vari-
ous entomopathogens, including fungi, viruses, bacteria,
and nematodes (Molina-Ochoa et al. 2003). The use of
entomopathogens has proven to be an effective manage-
ment strategy, particularly during severe outbreaks (De
Faria and Wraight 2007). Entomopathogenic fungi such as
Beauveria bassiana, Metarrhizium anisopliae, and nema-
todes, i.e. Heterorhabditis indica and Steinernema car-
pocapsae NBAIRS 59, were effective in the management
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of FAW (Haase et al. 2015; Akutse et al. 2019; Patil et al.
2022; Sayed et al. 2022). Fakeer et al. (2023) found that
entomopathogenic fungi isolates B. bassiana AUMC3563
and M. anisopliae AUMC2605 were effective against S.
frugiperda, resulting in mortality rates ranging from 10.0
to 80.33%. EPNs have demonstrated efficacy in control-
ling various lepidopteran species, making them a promis-
ing option for pest management (Andalo et al. 2010; De
Oliveira Giannasi et al. 2018; Viteri et al. 2018). Vari-
ous natural enemies have been identified in different geo-
graphical areas in association with this pest. In India,
Shylesha et al. (2018) documented the presence of egg,
larval, larval-pupal parasitoids, and predators actively
preying on various developmental stages of the FAW on
maize. Veena et al. (2023) investigated the impact of para-
sitoid female age and host egg age on the parasitization
rates of S. frugiperda eggs by Trichogramma pretiosum
and Telenomus remus. Results revealed that increasing
age in T. pretiosum led to a decrease in parasitism and
adult emergence. In contrast, T. remus females showed no
significant effect on parasitization with age, but younger
females produced a more male-biased progeny, and opti-
mal parasitism occurred in 24- and 48-h-old eggs. Several
botanicals such as azadirachtin were also found effective
against larvae of FAW (Tulashie et al. 2021). Firake et al.
(2023) found that bamboo-leaf prickly ash (Zanthoxylum
armatum) extract has strong insecticidal and oviposition
inhibition activity against FAW at a rate of 22.0 mL/L.
GCMS analysis revealed that the most abundant constitu-
ents of the composition are monoterpenes, sesquiterpenes
and their derivatives (55%), followed by fatty acids and
their derivatives (34%), and aromatic compounds (10%).
Keeping in view of the above aspects, it is hypothe-
sized that the integration of different strategies including
slow-release pheromone lures, bird perches, botanicals,
and biopesticides would reduce infestation and damage
by FAW in maize. Therefore, in the present study, five
different treatments including slow-release pheromone
lures, inanimate bird perches, botanicals, biopesticides,
and newer generation chemical molecules as seed treat-
ment were evaluated to determine a suitable package for
the sustainable management of FAW through field trials.

Materials and methods
Description of the study area
The study was conducted during winter (December

2022—-April 2023) and rainy (July—November 2023) sea-
sons at Winter Nursery Centre, (17.325429" N latitude and

78.397010" E longitude) ICAR-Indian Institute of Maize
Research, Rajendranagar, Hyderabad, Telangana.

Experimental design and trial management

The maize single cross hybrid DHM 121 was sown at a spac-
ing of 75x20 cm in 5-m row length with a plot size of 60
m? for each module. The experiments were laid out in ran-
domized block design with four replications. Five different
treatments were evaluated and compared the effectiveness
with control. Treatment 1 consisted of five components: (i)
Seed treatment utilizing Chlorantraniliprole 50 FS at a rate
of 5.6 ml per kilogram of seed. (ii) Pheromone traps were
strategically installed at a density of 4 traps per acre after
germination. (iii) Bird perches were erected at a rate of 10
per acre after germination. (iv) At 20 days after germina-
tion (DAG), a spray application of azadirachtin 1500 ppm
was administered at a concentration of 5 ml per litre. (v)
At 35 DAG, M. anisopliae formulation with a spore count
of 1x 108 cfu/g (1 kg per acre) was applied at a rate of 5 g
per litre. Treatment 2 consisted of three components: (i)
The installation of pheromone traps at 4 traps per acre. (ii)
At 15 DAG, a spray application of azadirachtin 1500 ppm
was administered at a concentration of 5 ml per litre. (iii)
At 30 DAG, S. carpocapsae NBAIRS 59 formulation was
applied at a rate of 20 g per litre. Treatment 3 comprised of
four components: (i) The installation of pheromone traps
at 4 traps per acre. (ii) The erection of bird perches at a
rate of 10 per acre. (iii) A spray application of azadirachtin
1500 ppm at 15 DAG with a concentration of 5 ml per litre.
(iv) At 30 DAG, B. bassiana formulation was applied at a
rate of 5 g per litre. Treatment 4 included three components:
(1) Controlled release FAW pheromone traps at a density
of 16 traps per acre. (ii) Spray of B. bassiana at 5 g per
litre at 15 DAG. (iii) Spray of Pseudomonas fluorescens at
10 g per litre at 30 DAG. Treatment 5 consisted of two com-
ponents: (i) Chlorantraniliprole 18.5 SC at a rate of 80 ml
per acre, applied at a concentration of 0.4 ml per litre at 20
DAG. (ii) Emamectin benzoate 5 SG at a rate of 80 g per
acre was applied at 0.4 g per litre at 30 DAG. The untreated
control group did not receive any plant protection meas-
ures throughout the experiment. The crop was raised by
following the recommended agronomic practices, viz. the
cultivation process commenced with thorough land prepara-
tion, involving deep ploughing followed by harrowing and
levelling. Urea (46%N)-125 kg ha™! was applied in three
equal splits at the time of sowing, 30-35 and 50-55 days
after sowing. Diammonium phosphate (18%N, 46%P,05)-
125 kg ha~! was applied at the time of sowing. Muriate
of potash (60%K,0)-50 kg ha~'was applied at the time of
sowing and at 50-55 days after sowing. The crop was sown
with a spacing of 75X 20 cm. As part of the pre-emergence
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strategy, atrazine was applied at a rate of 2.5 kg ha~!, mixed
in 500 L of water. Throughout the growth stages, irrigation
was administered immediately after sowing, at the knee-high
stage, flowering, and during grain filling stage. The careful
timing of these nutrient applications aimed to optimize crop
development and yield. Harvesting was carried out when
cobs reached a moisture content of 20-25%. This meticulous
approach to the maize cultivation from land preparation to
harvest was designed to enhance overall crop productivity
and quality. In each treatment, the interventions were made
as per the schedule for two consecutive seasons.

Data Collection

Data were collected from 20 randomly selected plants
by observing foliar damage on maize before as well as
7 and 14 days after each spray imposition. Maize leaves/
whorls with pin holes, ragged edges, large irregular holes
on leaves/whorls, and skeletonized leaves giving a win-
dow pane appearance are used as basis for plant damage.
Leaf damage rating score was recorded on maize from 20
randomly selected plants before as well as 7 and 14 days
after each spray imposition based on rating scale for leaf
damage caused by FAW. The rating scale included catego-
ries such as 1—healthy plant/no damage/visible symptoms
(Resistant); 2—few short/pin size holes/scraping on few
leaves (1-2) (Resistant); 3—short/pin size holes/scrap-
ing on several leaves (3—4) (Resistant); 4—short/pin size
holes/scraping on several leaves (5-6) and a few long
elongated lesions (1-3 Nos) up to 2.0-cm length present
on whorl and/or adjacent fully opened leaves (Resistant);
5—several holes with elongated lesions (4-5 Nos) up to

Table 1 Details of various treatments evaluated against FAW in maize

4.0-cm length and uniform/irregular shaped holes present
on whorl and or adjacent fully opened leaves (Moderately
Resistant); 6—several leaves with elongated lesions (6-7
Nos) up to 6.0-cm length and uniform/irregular shaped
holes present on whorl and adjacent fully opened leaves
(Moderately Resistant); 7—several long lesions (> 7 Nos)
up to 10-cm length and uniform/irregular shaped holes
common on one-half of the leaves present on whorl and
adjacent fully opened leaves (Susceptible); 8—several
long lesions > 10-cm length and uniform/irregular shaped
holes common on one half to two-thirds of leaves present
on whorl and adjacent fully opened leaves (Susceptible);
and 9—complete defoliation of whorl of the plant (Suscep-
tible) (Lakshmi Soujanya et al. 2022). Similarly, the natu-
ral enemies including spiders, coccinellids, and earwigs
were monitored from the same 20 randomly selected plants
before, as well as 7 and 14 days after each spray applica-
tion. Grain yield was recorded on each treatment at 12%
moisture content at the time of harvest and computed on a
hectare basis. The benefit—cost ratio was calculated based
on the minimum support price of maize. The sequential
details of the different interventions implemented in each
module are furnished in Table 1.

Statistical analysis

Data of per cent plant infestation, leaf damage rating score,
number of natural enemies, and yield were subjected to
analysis of variance (ANOVA) in a randomized complete
block design using SAS version 9.3. The significance of
differences between treatment means was judged by the
least significant difference (LSD) at P <0.05.

Treatments Particulars

Treatment 1

Seed treatment with Chlorantraniliprole 50 FS at a rate of 5.6 ml per kilogram seed + Installation of pheromone traps at a rate

of 4 per acre + Erection of bird perches at a rate of 10 per acre + Spray with azadirachtin 1500 ppm at a rate of 5 ml per litre
at 20 DAG + Application of Metarhizium anisopliae formulation with spore count of 1x 10% cfu/g (1 kg/acre) at a rate of

5 g per litre at 35 DAG
Treatment 2

Installation of pheromone traps with controlled release NBAIR lures at a rate of 4 per acre 4+ Spray with azadirachtin

1500 ppm at a rate of 5 ml per litre at 15 DAG + Application of Steinernema carpocapsae NBAIRS 59 formulation at a rate

of 20 g per litre at 30 DAG
Treatment 3

Installation of pheromone trap at a rate of 4 per acre + Erection of bird perches at a rate of 10 per acre + Spray with

azadirachtin 1500 ppm at a rate of 5 ml per litre at 15 DAG + Application of Beauveria bassiana formulation at a rate of 5 g

per litre at 30 DAG
Treatment 4

Installation of pheromone traps with controlled release NBAIR lures (16 per acre) + First spray of Beauveria bassiana at a

rate of 5 g per litre at 15 DAG + Second spray Pseudomonas fluorescens at a rate of 10 g per litre at 30 DAG

Treatment 5

Application of Chlorantraniliprole 18.5 SC (80 ml/acre) at a rate of 0.4 ml per litre at 20 DAG + Application of emamectin

benzoate 5 SG (80 g per acre) at a rate of 0.4 g per litre at 30 DAG

Untreated control No plant protection measures were implemented
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Results

Per cent plant infestation and leaf damage rating
score

The pooled data of two seasons were presented here. At
7 days (Fs 5=59.46; P <0.0001) after the first spray, the per
cent plant infestation was significantly lowest in Treatment
1 (18.1) followed by Treatment 5 (24.3), Treatment 4 (35.6),
Treatment 3 (42.5), and Treatment 2 (45.0) compared to
untreated control (45.0) (Table 2). At 14 days (Fs ;s=27.62;
P <0.0001) after the first spray, the per cent plant infestation
was lowest in Treatment 1 (13.1) followed by Treatment 5
(14.3), Treatment 4 (18.7), Treatment 3 (23.1), and Treat-
ment 2 (25.0) in comparison with control (38.7). At 7 days
(Fs, 15=51.48; P<0.0001) after the second spray, the per
cent plant infestation was significantly lowest in Treatment
1 (7.5) and Treatment 5 (9.3), Treatment 4 (11.2), Treatment
3 (13.7), and Treatment 2 (15.6) when compared to untreated
control (33.1). At 14 days (Fs 5=134.64; P<0.0001) after

the second spray, the per cent plant infestation was sig-
nificantly lowest in the Treatment 1 (3.1) followed by the
Treatment 5 (4.3), Treatment 4 (5.6), Treatment 3 (6.8), and
Treatment 2 (8.7) compared to untreated control (30.6).

At 7 and 14 days after the first spray, the pooled mean
leaf damage rating of the two seasons was in the range of
2.4-2.8 among all the IPM treatments, whereas in untreated
control, it was 3.8—4.1 (Table 3). The minimum leaf dam-
age rating was observed in Treatment 1 (2.4, 2.3) followed
by Treatment 5 (2.5, 2.3), Treatment 4 (2.6, 2.5), Treatment
3 (2.7, 2.6), and Treatment 2 (2.8, 2.7) at 7 (F5 ;5=65.40;
P <0.0001) and 14 days (Fs5 ;5=85.93; P<0.0001) after
the first spray, respectively. The pooled mean leaf dam-
age rating was in the range of 1.3-2.6 at 7 (F5 ;5=161.98,
P <0.0001) and 14 days (Fs_;5=49.70; P <0.0001) after the
second spray, whereas in untreated control, it was 4.7-5.0.
The minimum leaf damage rating was observed in Treatment
1 (2.1, 1.3) followed by Treatment 5 (2.2, 1.7), Treatment 4
(2.3, 2.1), Treatment 3 (2.4, 2.3), and Treatment 2 (2.6, 2.5)
at 7 and 14 days after the second spray, respectively.

Table 2 Mean per cent plant

. . . Treatments Before spray 7 days after 14 days after 7 days after 14 days after ~ Overall mean
infestation of maize by fall the first the first spray the second the second
armyworm spray spray spray
Treatment 1 21.8°+0.6 18.19+1.1  13.1°+1.1  7.59+1.7 319+ 1.1 12.7
Treatment2 49.3°+1.8  45.0°+1.0 25.0°+22  15.6°+0.6 8.7°+0.7 28.7
Treatment3 50.0°+1.7 42517 23.1*+0.6 13.7°+1.6  6.8™+0.6 27.2
Treatment4 50.6°+1.5 35.6b+0.6 18.7%+0.7 112%+07 5.6%x1.1 24.3
Treatment5 51.2°+2.1 243°+18 143%+1.1 93%15 43%+0.6 20.7
Control 51.28+0.7 45.0°+1.7  38.7*+29 33.1°+1.8 30.6+%.5 39.7
F value 51.70 59.46 27.62 51.48 134.64
LSD 491 4.47 5.37 391 2.69
P <.0001 <.0001 <.0001 <.0001 <.0001
Means with the same letter are not significantly different. Each value represents the mean of four replica-
tions
Tal?le 3 Mean leaf damage Treatments Before spray 7 days after 14 days after 7 days after 14 days after ~ Overall mean
ratlpg score (1-9 scale) of the first the first spray the second the second
maize by fall armyworm spray spray spray
Treatment I 2.6°+0.03  2.49+0.1 2.3°+0.08 2.19+0.06 134404 2.1
Treatment2 2.9°+0.05 2.8°+0.05 2.7°+0.04  2.6°+003  25°+0.1 2.7
Treatment3 2.8°+0.04 2.7°+0.01 2.6°+0.04  24%+0.07  23°+0.1 2.6
Treatment4 2.8°+0.02 2.6*4+0.03 2.5%+0.05 23%+0.15 2.1%+04 2.5
Treatment 5 2.8+0.03 2.5%9+0.05 2.3°£0.05 22%+0.10 1.7%+0.2 2.3
Control 27%+0.04 3.8+007 4.1°+0.10 4.7+0.08 5.0°+0.02 4.1
F value 3.48 65.40 85.93 161.98 49.70
LSD 0.12 0.19 0.22 0.23 0.55
P 0.0274 <.0001 <.0001 <.0001 <.0001

Means with the same letter are not significantly different. Each value represents the mean of four replica-

tions
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Occurrence of natural enemies

Due to the low number of natural enemies such as coccinel-
lids, spiders, and earwigs, the count was aggregated col-
lectively rather than being recorded individually. Natural
enemies such as spiders, coccinellids, and earwigs were
recorded at 7 and 14 days after the first and second sprays.
The pooled data of two seasons indicated that maximum
number of natural enemies were observed in untreated con-
trol (10.3, 9.8) followed by Treatment 1 (8.6, 9.0), Treatment
4 (8.2, 8.7), Treatment 3 (7.8, 8.2), and Treatment 2 (7.6,
7.8) compared to Treatment 5 (2.7, 2.8) at 7 (Fs_5=16.22;
P <0.0001) and 14 days (Fs 5=24.7; P<0.0001) after
the first spray, respectively (Table 4). The same trend
was followed at 7 (Fs 5=21.77; P<0.0001) and 14 days
(Fs, ;5=14.1; P<0.0001) after the second spray. The popula-
tion of natural enemies was high in untreated control (11.0,
10.3) followed by Treatment 1 (8.8, 9.1), Treatment 4 (8.3,
8.6), Treatment 3 (7.8, 8.3), and Treatment 2 (7.7, 7.8) com-
pared to Treatment 5 (2.1, 3.6). The population of natural

enemies was quite high in untreated control compared to
remaining modules as there were no chemical interventions
in control plot.

Grain yield and economics

The effectiveness of Treatment 1 was also reflected in the
grain yield (Fs 5=127.84; P<0.0001) (Table 5). Treatment
1 recorded the highest grain yield of 51.5 q.ha™' followed by
Treatment 5 (49.8 q.ha_]), Treatment 4 (47.2 q.ha_l), Treat-
ment 3 (46.5 q.ha™"), and Treatment 2 (43.9 q.ha™") whereas
the lowest grain yield was observed in untreated control
(29.0 q.ha™!). The per cent increase in grain yield obtained
over control were 77.4, 71.5, 62.5, 60.1, and 51.3 in Treat-
ment 1, Treatment 5, Treatment 4, Treatment 3, and Treat-
ment 2, respectively. The highest per cent avoidable grain
yield loss of 43.6 was observed in Treatment 1 followed
by Treatment 5 (41.7) and Treatment 4 (38.4), Treatment
3 (37.5), and Treatment 2 (33.9). Similarly, the cost-ben-
efit ratio was maximum in Treatment 1 (1:2.1) followed by

Table 4 Natural enemies

S Treatments Before spray 7 days after 14 days after 7 days after 14 days after ~ Overall mean

obseryed in different treatments the first the first spray the second the second

of maize spray spray spray
Treatment 1 8.7°+04  8.6°+0.6 9.0°°+0.6  8.8°+0.2 9.1%°+0.7 8.8
Treatment2 9.0°+0.5  7.6°+0.3 7.8°+0.6 7.7°+0.4 7.8°+0.3 8.0
Treatment3 9.3*+0.5  7.8°+0.7 8.2b+0.1 7.8°+0.6 8.3°+0.5 8.3
Treatment4 9.1*+04  82°+0.5 8.7°+08  83°+04 8.6°°+0.5 8.6
Treatment 5 9.3°+0.5  2.7°+0.7 2.8°+0.3 2.1°+0.4 3.66+0.4 4.1
Control 9.8°+0.2 10.3°+0.5  9.8°+0.3 11.0°+1.2 10.3*+0.8 10.3
F value 0.69 16.22 24.7 21.77 14.1
LSD 1.41 1.92 1.51 1.91 1.85
P 0.6401 <.0001 <.0001 <.0001 <.0001

Means with the same letter are not significantly different. Each value represents the mean of four replica-

tions

Table 5 Economic analysis of FAW management technologies in maize

Treatments  Grain yield  Cost of Cost of Total cost of Increasein  Per cent Gross Netincome Cost:benefit

(Q/ha) production  protection cultivation  yield (%) avoidable income (Rs/ (Rs/ha) ratio
(Rs/ha) (Rs/ha) (Rs/ha) over control yield loss ha)

Treatment 1 51.5*+0.2 42,875 5710 48,585 774 43.6 101,121.4 52,536.4 1:2.1

Treatment 2 43.9°+0.5 42,875 2810 45,685 51.3 33.9 86,288.7 40,603.7 1:1.8

Treatment 3 46.5°+0.6 42,875 2810 45,685 60.1 37.5 91,252.6 45,567.6 1:2.0

Treatment4 47.2°+0.7 42,875 5740 48,615 62.5 38.4 92,645.6 44,030.6 1:1.9

Treatment 5 49.8°+0.7 42,875 5600 48,475 71.5 41.7 97,786.0 49,311.0 1:2.0

Control 20.09+0.7 42,875 - 42,875 - 56,996.1 14,121.1 1:1.3

F value 127.84

P <.0001

Means with the same letter are not significantly different. Each value represents the mean of four replications

Spray volume: 500 1/ha; MSP for Maize-Rs 1962 during 2022-23 (As per Directorate of Economics and Statistics, Ministry of Agriculture and

Farmers Welfare, Government of India)
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Treatment 5 (1:2.0) and Treatment 3 (1:2.0) whereas Treat-
ment 4 and Treatment 2 registered the lowest BCR of 1:1.9
and 1:1.8, respectively.

Discussion

Studies reported by various researchers revealed that the
application of integrated approaches was successful in the
management of the FAW population in maize (Thilagam
et al. 2020; Varshney et al. 2021; Warkad et al. 2021; Keerthi
et al. 2023; Mendesil et al. 2023). In the present study, dif-
ferent interventions were implemented simultaneously to
substitute chemical pesticides with newer generation seed
treatment molecules, slow-release pheromone lures, bird
perches, and biopesticides for sustainable management of
FAW based on action thresholds. In general, the recom-
mended spray interventions start at 2-3 weeks after seed-
ling emergence (Van den Berg et al. 2021). However, the
timings of intervention depend upon action thresholds based
on genotype and environmental conditions. In the present
study, action thresholds were determined based on phero-
mone trap catches and per cent plant infestation depending
on the phenological stage of the crop. Similarly, Prasanna
et al. (2018) stated that the action thresholds are to be used at
the early stages of maize development as the first generation
of FAW is completed by that time. Recently, information
on action thresholds based on economic injury levels have
been developed in Colombia for two maize hybrids, again
at early and late whorls stages in terms of FAW density per
plant (Jaramillo-Barrios et al. 2020).

Among the different treatment, Treatment 1 (seed treat-
ment with Chlorantraniliprole 50 FS at the rate of 5.6 ml
per kg seed + installation of pheromone traps with con-
trolled release NBAIR lures at the rate of 4 per acre + erec-
tion of bird perches at the rate of 10 per acre + spray with
azadirachtin 1500 ppm at the rate of 5 ml per litre at 20
DAG + application of M. anisopliae formulation with spore
count of 1x 108 cfu.g™! (1 kg per acre) at the rate of 5 g per
litre at 35 DAG) was found effective in reducing per cent
plant infestation and leaf damage rating score followed by
Treatment 5 (Chemical control) and Treatment 4 (installa-
tion of pheromone traps with controlled release NBAIR lures
(16 per acre) + first spray of B. bassiana at the rate of 5 g per
litre at 15 DAG +second spray P. fluorescens at the rate of
10 g per litre at 30 DAG). The effect of Treatment 3 (instal-
lation of pheromone trap at the rate of 4 per acre + erec-
tion of bird perches at the rate of 10 per acre + spray with
azadirachtin 1500 ppm at the rate of 5 ml per litre at 15
DAG + application of B. bassiana formulation at the rate
of 5 g per litre at 30 DAG) and Treatment 2 (installation
of pheromone traps at the rate of 4 per acre 4+ spray with
azadirachtin 1500 ppm at the rate of 5 ml per litre at 15

DAG + application of S. carpocapsae NBAIRS 59 formula-
tion at the rate of 20 g per litre at 30 DAG) was intermediate
when compared to untreated control. The interventions fol-
lowed in Treatments 1, 2, 3, and 4 are sustainable and safe to
non-target organisms and the environment. Kavyashree et al.
(2022) also reported that the adoption of IPM technologies
including installation of pheromone traps (10/ ha) at the time
of sowing, removal of egg masses and neonates, application
of sugar solution 10% (two sprays at fortnightly intervals, 1st
at 15 and 2nd at 30 DAS), and spraying of M. rileyi @ 3 g.
L~! was found effective against FAW.

In Treatment 1, seed treatment protected up to 20 DAG
as it is a promising technology for managing FAW in the
early stages of maize plants. The present result was in agree-
ment with Oliveira et al. (2022) who reported that seed treat-
ment is effective and is more advantageous if incorporated
with other pest management strategies. Similarly, Suganthi
et al. (2022) observed that seed treatment in maize with
diamide insecticides would be useful for up to 15 days in
preventing FAW foliar damage. Chlorantraniliprole when
applied through seed treatment is absorbed by maize plants
and translocated into the whole plant from the seed through
roots to stem and leaves (Pes et al. 2020). It is an anthranilic
diamide (IRAC Group 28) that binds to the ryanodine recep-
tor with selective potency against insect versus mammalian
forms of the receptor (Selby et al. 2017). Seye et al. (2023)
reported that seed treatment with cyantraniliprole reduced
the severity of leaf damage (67%) by FAW in maize.

As pheromones produced by insects are crucial for the
sexual communication of males and females (Raina
1997), exploiting this behaviour for monitoring is
helpful for the successful management of FAW. Phero-
mone traps are considered as the best means to monitor
FAW adults and also to decide the time of insecticide
application to control the pest in maize (Cruz et al.
2010, 2012; Abang et al. 2022). Similar results were
obtained in the present study, in which NBAIR slow-
release pheromone lures were found effective in moni-
toring and reducing FAW populations in Treatments 1,
2, 3, and 4. Erection of bird perches also resulted in a
reduction of pest populations in Treatments 1 and 3 as
these made insect-feeding birds such as Black Drango
convenient to sit and prey on FAW larvae. Similar
observations were made in Australian soybean fields,
where the installation of T-shaped perches expanded
the habitat for birds, leading to a decline in pest num-
bers (Lindell et al. 2018). Modern farmers embracing
IPM strategies, such as ecological pest control involv-
ing insectivorous birds, have adopted these practices
(Seni and Halder 2022). Kumar and Cheema (2020)
employed T-shaped bird perches to leverage the ser-
vices of insectivorous birds in feeding on lepidopteran
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larvae. The lowest population of H. armigera larvae
(2.29 individuals/m row length) was observed in plots
featuring trap crops such as marigold and bird perches,
along with neem insecticidal sprays in Egyptian clover.
Mehta et al. (2010) also addressed H. armigera man-
agement in tomato fields using neem biopesticide and
T-shaped bird perches, and the lower larval survival
was observed in plots with T-shaped perches compared
to control.

Several researchers reported that biopesticides as
potential tool for integrated pest management which are
environmentally friendly and can replace chemical pesti-
cides for insect pest control (Peters 1996; Bateman et al.
2018Rioba et al. 2020). The use of biopesticides such as
azadirachtin, entomofungal formulation—M. anisopliae,
and entomopathogenic nematode formulation—S. car-
pocapsae NBAIRS 59 in conjunction with other manage-
ment strategies which were included in Treatments 1, 2, 3,
and 4 resulted in a reduction of synthetic insecticides and
were found successful in managing FAW. The previous
studies reported that botanicals such as neem extracts have
shown 70% mortality of FAW (Maredia et al. 1992; Silva
et al. 2015); Tulashie et al. (2021) observed azadirachtin
as a potential bioinsecticide against larvae of FAW. Sisay
et al. (2019) examined an extract from Azadirachta indica
against FAW and observed a mortality rate exceeding
95% within 72 hours of application. Akutse et al. (2019)
reported that certain isolates of M. anisopliae demon-
strated an ovicidal effect, resulting in egg mortality rang-
ing from 79.5 to 87%. Specifically, isolates ICIPE41 and
ICIPE7 of M. anisopliae caused mortality rates of 96.5%
and 93.7% in neonate larvae of FAW, respectively. Garcia
and Bautista (2011) documented that B. bassiana (strain
Bb42), isolated from FAW larvae collected in the field,
exhibited a high virulence with a mortality rate of 96.6% in
the 2nd instar larvae at a concentration of 1 x 10° conidia
ml-1. Ramirez-Rodriguez and Sanchez-Pena (2016) evalu-
ated the pathogenicity of a B. bassiana strain, initially
isolated from soil but later introduced as an endophyte in
maize. It was confirmed that the endophytic strain caused
75% larval mortality by the 14th day of the experiment.
Additionally, Cruz-Avalos et al. (2019) observed that three
strains of M. anisopliae, Ma22, Ma41, and Mr8, induced
100% mortality in both eggs and neonate larval stages of
FAW. The previous studies also suggested that EPNs have
potential as biological control agents against FAW (Cac-
cia et al. 2014; Viteri et al. 2018). Molina Ochoa et al.
(1999) found that S. carpocapsae and S. riobravis were
effective in controlling FAW during the prepupal stage.
Researchers have suggested that the use of entomopath-
ogenic nematodes (EPNs) on maize silk could enhance
mortality of FAW during the prepupal stage (Negrisoli
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et al. 2010). Garcia et al. (2008) reported that around 280
infective juveniles of Steinernema sp. can kill 100% of
the third-instar FAW, while 400 infective juveniles of H.
indica cause 75% mortality of FAW. Similarly, Acharya
et al. (2020) reported that the FAW larvae were most sus-
ceptible to S. carpocapsae. Patil et al. (2022) reported that
both H. indica and S. carpocapsae caused 100% mortality
in the third- and fourth-instar larvae of FAW, whereas 82.5
and 75.0% mortality were observed in pupae, respectively.
Similarly, a study conducted by Ratnakala et al. (2023),
reported that H. indica and S. carpocapsae exhibited nota-
ble ovicidal, larvicidal, and pupicidal effects on S. fru-
giperda. Additionally, these EPNs had a significant impact
on the adult stage, leading to deformities and mortality.

In the present study, Treatment 1 also recorded a higher
number of natural enemies, viz. spiders, ladybird beetles,
and earwigs followed by Treatments 4, 3, and 2 compared
to Treatment 5. The minimum population of beneficial
fauna was observed in Treatment 5 due to the toxic nature
of chemical pesticides. However, a maximum number of
natural enemies were observed in untreated control due to
no spray intervention.

The present result is in agreement with Geetha (2021)
who observed the maximum population of natural enemies
in integrated pest management modules compared to non-
IPM fields. Kavyashree et al. (2022) also reported higher
populations of ants and coccinellids in the biointensive inte-
grated module against FAW in maize. Molina-Ochoa et al.
(2003) documented the presence of 150 species of parasi-
toids and parasites associated with FAW in America and the
Caribbean basin. Shylesha et al. (2018) reported the exist-
ence of egg, larval, and larval-pupal parasitoids, as well as
predators actively preying on different developmental stages
of the FAW on maize. In the present study, Treatment 1
recorded the highest grain yield, maximum avoidable yield
losses and also contributed a higher cost—benefit ratio in
comparison with other modules. The present result is in line
with Varshney et al. (2021) who reported that IPM strategy
comprising installation of controlled release FAW phero-
mone traps, four releases of 7. pretiosum Riley, two sprays
of neem oil, and one spray of each Bacillus thuringiensis
(NBAIR-BT?25) and M. anisopliae (NBAIR Ma-35) resulted
in 38.3 and 42.2% gain in yield per acre during rabi and
kharif (2018-19), respectively. Similarly, Srinivasan et al.
(2022) reported 50.2% avoidable yield losses in complete
protection, i.e. application of recommended insecticides by
Tamil Nadu Agricultural University when the incidence was
observed while 45.36% was noticed in window-based appli-
cation (azadirachtin 1% EC @ 2 ml.L™! or emamectin ben-
zoate 5% SG @ 200 g ai/ ha for first window (15-20 days)
and spinetoram 11.7% w/w SC @ 30 g a.i/ha or Chlorant-
raniliprole 18.5% SC @ 40 g a.i/ha or Novaluron 10EC @
100 g a.i./ha) against FAW in maize.
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Conclusions

The findings of this study revealed that Treatment 1, comprised
of various integrated pest management (IPM) approaches such
as seed treatment with Chlorantraniliprole 50 FS at the rate of
5.6 ml per kg seed, setting up of pheromone traps at the rate
of 4 per acre, installation of bird perches at the rate of 10 per
acre, spray application of azadirachtin 1500 ppm at the rate
of 5 ml per litre, and foliar spray of M. anisopliae with spore
count of 1x 108 cfu/g (1 kg per acre) at the rate of 5 g per litre
effectively controlled FAW infestation in maize. Additionally,
Treatment 1 enhanced natural enemy population, contribut-
ing to a more sustainable pest management strategy and also
resulted in the highest grain yield among all the treatments,
highlighting its economic viability with a high cost—ben-
efit ratio. This emphasizes the importance of adopting IPM
strategies, which combine cultural, biological, and adopting
chemical control measures as last resort, for successful and
sustainable FAW management in maize. Moreover, Treatment
1 not only addresses immediate FAW infestation concerns but
also helps minimize the likelihood of resistance development,
providing a long-term solution for small holder maize farmers.
The integrated nature of this approach aligns with effective
pest management strategies while considering the ecological
balance within the maize ecosystem.
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