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Abstract

The appearance and rapid spread of the fall armyworm (Spodoptera frugiperda) (FAW) represents a serious threat to maize
cultivation in India and elsewhere in South Asia. Chemical control illustrates one of the major means of reducing the infes-
tation of FAW in maize-growing zones. However, existing information regarding the field-efficacy and non-target toxicity
of different insecticides against this pest is not adequate and is also unable to capture the momentum change in the scenario
of residual toxicity and insecticide resistance for redacting sustainable management. The present study was framed to
establish the most suitable insecticidal schedule against FAW for maize producers. In the period from winter 2019-2020 to
spring—summer 2020, seven treatment schedules against FAW were evaluated, and the efficacy was calculated according to
the per cent maize plant damage (PD) by larvae, while safety was enumerated based on larval parasitization by Campoletis
chlorideae and the abundance of coccinellid predators. In both seasons, the highest cumulative efficacy (9.88 and 10.19%
PD) was confirmed for T; (constituted with Barazide®, Delegate®, and Ampligo®) with a significantly higher yield (52.39
and 52.66 q ha™"), whereas T, (Proclaim Fit®, Ampligo®, and Delegate®) and T, (Fimecta®, Ampligo®, and Spintor®)
exhibited a high cumulative efficacy (11.06 to 12.23% PD). T; was found to be safe to coccinellid predators and the per cent
larval parasitism by C. chlorideae was significantly higher in this module (2.57 and 2.75%) compared to T, and T5 (1.00 to
1.67%). The residues of Barazide®, Delegate®, and Ampligo® were below detectable levels in maize plant, grain and soil
samples. Therefore, the module could be recommended against FAW in the near future.
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Introduction

The fall armyworm (FAW), Spodoptera frugiperda (J.E.
Smith) (Lepidoptera: Noctuidae) is one of the most
destructive, highly polyphagous and migratory pests
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native to tropical and subtropical Americas (Hardke et al.
2011; Cruz et al. 2012; Blanco et al. 2016). It has a wide
range of host plants and attacks several economically
important field crops like maize, rice, millet, sorghum,
wheat, cotton, peanut, cowpea, sugarcane, soybean and
other fodder grasses in Argentina, Brazil, Canada, Chilli,
Ethiopia, Kenya, and Nigeria etc. (Montezano et al.
2018). In 2016, severe outbreak of FAW was reported
in African countries (Goergen et al. 2016), and the first
report of the incursion of this pest into Asia was con-
firmed from Karnataka, India on maize during May 2018
(Sharanabasappa et al. 2018; Shylesha et al. 2018). Since
then, FAW has spread to other states of India and several
Asian countries, including Bangladesh, China, Sri Lanka,
Myanmar, Vietnam, Laos, and Thailand (Deshmukh et al.
2020). The recent invasion of this invasive pest threat-
ens the grain-maize production of India, as the Indian
FAW population exhibits genetic similarity to the South
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African population (Nagoshi et al. 2019) and mostly
fed on maize (Sharanabasappa et al. 2018). Insecticides
have yielded satisfactory results in America and Africa
(Gutierrez-Moreno et al. 2019; Sisay et al. 2019); hence,
chemical control strategy is the first line of defense for
controlling this voracious feeder in India. Some workers
determined the individual toxicity and efficacy of vari-
ous recommended and novel insecticides against FAW
(Smith and Catchot, 2009; Hardke et al. 2011; Viteri
et al. 2018; Sisay et al. 2019; Worku and Ebabuye 2019;
Deshmukh et al. 2020), but a compact treatment sched-
ule has not been reported to date. The cryptic feeding
behavior of FAW larvae by remaining most of its life
span inside the plant whorl reduces their direct contact
with insecticides. Hence, at least 2—-3 rounds of spray are
required over a single cropping season of maize to con-
trol this pest (Deshmukh et al. 2020). However, multiple
applications of the same molecule may lead to the rapid
development of insecticide resistance (Gutierrez-Moreno
et al. 2019) and may create adverse effects on benefi-
cial arthropods in the field. Moreover, recent findings
linking residual toxicity of insecticides profusely used
to control FAW infestation in fodder maize, with cattle
mortality in India (Deshpande 2019). Koli and Bhardwaj
(2018) reported that unlike European countries, there are
no authenticated information and registration guidelines
for insecticide use concerning forage crops in India.
Therefore, sustainable management of FAW through
environmentally benign approaches has become neces-
sary inexorable to break the plateau in maize production.
In this context, the objective of this study is, therefore,
to evaluate some proposed insecticidal schedules, based
on government recommended molecules, against FAW in
maize under open-field conditions. The toxicity of all the
treatments to prevailing predators and parasitoid along
with the plant and soil residues of the best management
schedule were also evaluated to find the most compatible
chemical module for successful control of FAW in India.

Materials and methods
Insecticides selected for field efficacy

The selection of commercial formulations of different mol-
ecules was purely based on recommendations from the
Ministry of Agriculture, Government of India against FAW
(POP 2019). The selected insecticide formulations were:
chlorantraniliprole 18.5 SC (Coragen®, DuPont India Pvt.
Ltd.), chlorantraniliprole 9.3% + lambda cyhalothrin 4.6%
ZC (Ampligo®, Syngenta India), emamectin benzoate 5
SG (Proclaim®, Syngenta India), emamectin benzoate
1.5% + fipronil 3.5% SC (Fimecta®, Godrej Agrovet Ltd.),
emamectin benzoate 5% + lufenuron 40% WG (Proclaim
Fit®, Syngenta India), lambda cyhalothrin 9.5% + thia-
methoxam 12.60% ZC (Alika®, Syngenta India), novaluron
5.25% + emamectin benzoate 0.9% SC (Barazide®, Adama
India), spinosad 45 SC (Spintor®, Crop Science India), and
spinetoram 11.7 SC (Delegate®, Dow Agrosciences India
Pvt. Ltd.).

Field experiments
Layout

Supervised field experiments were carried out at Dhaanya
Ganga Krishi Vigyan Kendra, Ramakrishna Mission Vive-
kananda Educational and Research Institute, Murshidabad,
India, for two consecutive seasons. The winter season
field trial was conducted from December 2019 to March
2020 and the spring—summer season from March 2020 to
June 2020 with the maize variety “Rajkumar” in a rand-
omized complete block design (RCBD) with seven treat-
ments, including untreated control and replicated four times
(Table 1). Maize was grown with 30 m X 20 m plots over
a piece of 1.7 ha of land by following recommended agro-
nomic practices except for plant protection activities. The
land was left fallow for the last ten years and had no history

Table 1 Different treatment
schedules framed to investigate

Treatments Spray schedules

the field-efficacy against fall 1% spray

2" spray 3 spray

armyworm in maize
T, (Control)

Water @ 500-L ha™!

Water @ 500-L ha™! Water @ 500-L ha™!

T, Proclaim Fit® @ 36 g a.i. ha™'  Spintor® @ 75 g a.i. ha™! Coragen® @ 40 g a.i. ha™!
T; Barazide® @ 90 g a.i. ha™! Delegate® @ 30 g a.i. ha™'  Ampligo® @ 35 g a.i. ha™!
T, Fimecta® @ 35 g a.i. ha™! Coragen® @ 40 ga.i.ha™!  Alika® @ 30 g a.i. ha™

Ts Proclaim® @ 200 g a.i. ha™ Coragen® @ 40 g a.i. ha™!  Spintor® @ 75 g a.i. ha™!
T Fimecta® @ 35 g a.i. ha™! Ampligo® @ 35 ga.i.ha™!  Spintor® @ 75 g a.i. ha™!
T, Proclaim Fit® @ 36 g a.i. ha™'  Ampligo® @ 35 ga.i.ha™' Delegate® @ 30 g a.i. ha™!
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of pesticide application over this period. Treatments were
imposed using a battery-operated sprayer (V-Dyut Delux,
ASPEE Sprayers and Farm Mechanized Equipment, Mum-
bai, India) fitted with a hollow-cone nozzle at 15-day inter-
vals starting from the 30" and 26" day after sowing, when
the FAW attained an economic threshold level with> 10%
plant damage (Padhee and Prasanna 2019), during the first
and second seasons, respectively, with 500-L spray volume
ha™!. Three replicated plots (30 m x 20 m each) under each
treatment were made for bioefficacy and non-target tox-
icity study, while the fourth plot was re-replicated thrice
(10 mx20 m each) and applied with double the recom-
mended dosages of insecticides to perform the harvest time
residue analysis.

Bioefficacy of treatment schedules against FAW

The number of plants with FAW infestation and the total
number of plants in three randomly selected pairs of rows
were recorded per plot, avoiding border rows before the first
spray and 7 and 14 days after each spray and mean per cent
plant damage was enumerated (Sudhanan et al. 2017). Data
on grain yield of maize per plot was also recorded at the time
of harvest and the average yield was expressed in q ha™!.

Safety of treatment schedules for natural enemies

The non-target toxicity of different treatment schedules
in maize agroecosystem was evaluated for coccinellid
predators and larval parasitization of FAW by Campoletis
chlorideae. These two groups of populations were selected
because of their abundance over other groups of natural
enemies suitable for table data. Motile stages of coccinel-
lids (grub and adult) were recorded on each replicated plot
in twenty-five randomly selected plants 24 h before the first
application of insecticides, and 14 days after each applica-
tion. In addition, an abundance of C. chlorideae, through
parasitization of FAW larvae, was enumerated by collect-
ing at least hundred larvae of different instars on each plot
from previously specified rows 24-48 h before the first
spray, and 14 days after the third application (Gupta et al.
2004). The collected larvae were individually kept in a
small glass vial to avoid the chance of cannibalism and
separately placed under the laboratory condition according
to different treatments. Larvae were observed after every
24 h up to 14 days for the emergence of adult parasitoid
and data on per cent larval parasitism was recorded in all
the treatments including untreated control. The selected
rows, from which the FAW larvae were collected to study
the larval parasitisation, were discarded while recording
the bioefficacy data of insecticidal schedules for avoiding
the physical control.

Residual study

Experiment on insecticidal residue and its recovery in the
plant parts and soil was carried out with the insecticides,
constituted the most effective schedule during two consecu-
tive crop seasons, in July 2020.

Sampling

The recommended (applied) and double the recommended
dosages of the commercial formulations of novaluron
5.25% + emamectin benzoate 0.9% SC, chlorantraniliprole
9.3% + lambda cyhalothrin 4.6% ZC, and spinetoram 11.7
SC were used in the harvest time residue study by providing
the untreated control for comparison. A sampling of maize
leaf and grain were done separately in an individual zip-lock
bag at the time of harvest from the treated and untreated
control plots, whereas soil samples were collected simulta-
neously using a handheld auger at a depth of 15 cm and a
sub-sample (20 g soil) was taken for final analysis.

Chemicals and reagents

Commercial formulations of novaluron 5.25% + emamec-
tin benzoate 0.9% SC, chlorantraniliprole 9.3% + lambda
cyhalothrin 4.6% ZC, and spinetoram 11.7 SC were pur-
chased from district pesticide dealer, while analytical grade
novaluron (99.9% pure), emamectin benzoate (99% pure),
chlorantraniliprole (96.5% pure), and lambda cyhalothrin
(99.7% pure) were procured from Sigma-Aldrich and spine-
toram (98.2% pure) were obtained from SPEX Europe. In
addition, acetonitrile and hexane (HPLC grade, J.T. Baker,
USA), millipore water (prepared from Milli-Q system,
India), sodium chloride (NaCl), ethyl acetate, primary sec-
ondary amines (PSA: 40 pm, Bondesil, Agilent, USA) and
anhydrous MgSO, (ACS, Merck, India) were purchased
from Sisco Research Laboratories Pvt. Ltd., Kolkata, India
and used in residue analysis.

Preparation of standard solutions

Standard stock solutions of the individual insecticides
(1000 pg ml~!) were prepared by dissolving 100 ml of tech-
nical grade insecticide in 100 ml of HPLC grade acetonitrile.
Stock solutions (10 ml each) were diluted in 100 ml capac-
ity volumetric flask, and volume was made up with 90 ml
of acetonitrile to get a 100 pg m1~! intermediate solution.
Working standard solutions of 0.01, 0.02, 0.05, 0.10, 0.50
and 1.00 pg ml~! were prepared by diluting 10 ml of inter-
mediate solution serially with 90 ml of acetonitrile and were
used for spiking and calibration.
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Sample extraction

Modified QUEChERS method was followed to analyze the
maize leaves and grains samples (Anastassiades et al. 2003).
Representative homogenized leaf or ground grain sample
(~ 10 g) was taken in 50 ml polypropylene centrifuge tubes
with 20 ml acetonitrile, and shaken gently. Thereafter, 4 g of
MgSO, and 1 g of NaCl were added to this mixture, vortexed
for a minute and was centrifuged for 10 min at 10,000 rpm.
A volume of 6 ml from the upper clear supernatant was col-
lected for further d-SPE clean up to remove impurities like
carbohydrate, fatty acids, and pigments etc. Then the clear
supernatant was transferred into a centrifuge tube (25 ml)
containing MgSO, (600 mg) and of PSA (100 mg). The tube
was tightly sealed and vortexed for 1 min and then centri-
fuged at 5,000 rpm for 10 min using rotospin (Tarson) to
separate solids from solution. Then the supernatant (4 ml)
was transferred to a turbovap tube and was condensed up to
dryness in turbovap evaporator. Finally, the volume of the
tube was made with acetonitrile up to 1 ml and the absolute
extract was stored for final determination.
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Besides maize leaves and grains, 10 g of shade-dried and
sieved soil sample was taken in 100 ml conical flask, gently
mixed with 50 ml acetonitrile and shaken well through an
electronic shaker for 1 h. The filtration followed by con-
densation of the solution was done and mixed with 10 ml
of acetonitrile mixture (750 ml acetonitrile + 250 ml dou-
ble distilled water + 0.8 ml triethanolamine) and again fil-
tered through a membrane filter (0.2 p) and was injected for
analysis using High Performance Liquid Chromatography
(HPLC) with a 15 min running time.

Instrumentation

The harvest-time residues of chlorantraniliprole, emamec-
tin benzoate, lambda cyhalothrin, novaluron and spinetoram
were estimated on reverse phase HPLC equipped with PDA
detector (Shimadzu HPLC — 20 AT) in maize samples. The
mobile phase comprised of Acetonitrile: water (60:40 v/v)
with a fixed flow rate of 1.0 ml min~!. The chromatographic
separation of spinetoram was redacted with RP C,5 column
(150 x4.6 mm), while rests were performed with RP C
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Fig.1 HPLC-MS chromatogram of a standard mixture of novaluron (N), spinetoram (S), emamectin benzoate (E), chlorantraniliprole (C), and

lambda cyhalothrin (L) and b unspiked control
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column (250X 4.0 mm). The injection volume was 20 pl and
the retention time of chlorantraniliprole, emamectin ben-
zoate, lambda cyhalothrin, novaluron and spinetoram were
detected under those functional conditions at 6.48, 5.51,
7.33,2.63 and 4.59 min, respectively (Fig. 1a). The control
sample of maize did not exhibit any interfering peaks in the
HPLC-MS chromatogram (Fig. 1b).

Recovery experiment

A recovery experiment was conducted before the sample
analysis to access the extraction efficiency of the analyti-
cal procedure. The untreated samples were spiked at six
different concentrations (0.01, 0.02, 0.05, 0.10, 0.50 and
1.00 pg g~!) and replicated thrice. Before extraction, the
spiked samples were subjected to stand for 1 h to allow the
spiked solution to insert the sample matrix and similarly
obtained through the method of extraction and clean up,
mentioned above. The residual quantity was determined
through the comparison of the sample response of standard
under similar functional conditions.

Statistical analysis and interpretation

Data on plant damage, non-target toxicity and grain yield
of maize were subjected to statistical analysis with ANOVA
using SPSS (version 18.0: Inc., Chicago, IL, USA) software
after suitable transformation (sin™! or \/ x+ 0.5 transforma-
tion) whenever required. Mean values were separated by

Duncan’s Multiple Range Test (DMRT) at p=0.05 for inter-
pretation of the results (Gomez and Gomez 1984). In residue
analysis, the linearity (RZ) of the method was checked from
the calibration curve of each insecticide standard. The limit
of quantification (LOQ) was 0.01 pg g~!, whereas the limit
of detection (LOD) was 0.003 pg g‘1 (SFCPB 2018). Accu-
racy of the method was tested through the recovery experi-
ment by spiking the respective control matrix at the concen-
trations of 0.02, 0.05, 0.10, and 0.50 pg g~ for novaluron
and emamectin benzoate, 0.01, 0.05, 0.10, and 1.00 pug g™
for spinetoram, and 0.01, 0.10, 0.50, and 1.00 pg g_' for
chlorantraniliprole and lambda cyhalothrin.

Results
Bioefficacy of different treatments against FAW

Before the imposition of the insecticidal treatments no sig-
nificant difference of FAW damage was observed among dif-
ferent treatments schedules, while all the insecticides were
found to be effective and significantly reduced the plant dam-
age 7 days after first spray (DAFS) in winter maize (Table 2).
The lowest per cent plant damage was observed in T, and T
followed by T, and T, at 7 DAFS (F; 1,=10.22, P=0.0012),
but T; followed by T, registered the highest efficacy at 14
DAFS (F; 14=15.39, P=0.0009). T; exhibited the lowest
per cent plant damage consistently in the field and found to
be statistically at par with T, (F;,,=7.55, P=0.0016) and

Table 2 Efficacy of different

Treatments PTC Mean per cent plant damage by fall armyworm Pooled Mean % ROC
treatment schedules on fall
armyworm in winter maize 1% spray 2% spray 3" spray
7DAS 14DAS 7DAS 14DAS 7DAS 14 DAS
T, (Control) 21.17* 38.20% 43.16¢ 35.56° 32.17¢ 29.10° 25.62¢ 33.97 -
(27.39) (38.17) (41.07) (36.61) (34.55) (32.65) (30.41)
T, 19.82% 2256 19.12° 1634 12.20° 10.26" 6.39" 1448 57.37
(26.44) (28.36) (25.93) (23.84) (2044) (18.68) (14.64)
T, 22.05* 23.18* 1320* 9.15®  7.62* 474 136 9.88 70.92
(28.01) (28.78) (21.30) (17.61) (16.02) (12.58) (6.70)
T, 20.28* 2072 17.69° 15.23% 13.88* 11.21* 10.57° 14.88 56.20
(26.77) (27.08) (24.87) (22.97) (21.87) (19.56) (18.97)
Ts 21.60° 24.81° 20.07°° 16.91° 14.26° 13.88° 10.19* 16.69 50.87
(27.69) (29.87) (26.62) (24.28) (22.19) (21.87) (18.62)
Tg 20.25% 2154 17.25% 1323 979 737%  422° 1223 64.00
(26.74) (27.65) (24.54) (21.33) (18.23) (15.75) (11.86)
T, 2320 22.89° 18.31° 1245® 9.18  572® 208  11.77 65.35
(28.79) (28.58) (25.33) (20.66) (17.64) (13.84) (8.29)
SEd NS 0.42 0.36 0.47 0.29 0.61 0.25 - -
CD (0.05%) NS 1.06 0.87 1.32 1.17 1.29 0.98 - -

PTC Pre-Treatment Count, ROC Reduction over untreated control, DAS Days after Spray

Figures in parentheses arc sine transformed values

In a column means followed by common alphabets are not significantly different by DMRT (P=0.05)
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Fig.2 Infestation of FAW larvae on tender leaves of standing plants
a & b, inside the plant whorl ¢, and on emerging tassel d of maize in
the field

Tg (F714=14.19, P=0.0008) at 7 and 14 days after second
spray (DASS), respectively. All the treatment schedules sig-
nificantly reduced the FAW damage after each insecticide
application, whereas the untreated control (T,) showed the

highest per cent plant damage irrespective of days. After
third spray, T, and T, were statistically at par with each other
on 7" day; however T and T, exhibited their superiority at 7
(F;,14=19.48, P=0.0019) and 14 (F,,=11.61, P=0.001)
days after third spray (DATS), respectively (Fig. 2).
Almost similar trend of effectiveness of different treat-
ment schedules against FAW in maize was encountered
during the summer season (Table 3). Lowest per cent
plant damage was recorded in Ts (F; ;,=9.34, P=0.0015)
which was found to be statistically at par with T; and Ty at
7 DAFS. Efficacy of T; was comparable with Ty and T at 7
(F;,14=28.22,P=0.0005) and 14 (F; ;,=13.62, P=0.0006)
DASS, but it provided the significantly lowest per cent plant
damage at 7 (F; 1,=10.75, P=0.0011) and 14 (F; ;,=21.18,
P=0.0004) DATS with an excellent extrication. After three
rounds of sprayings at 15 days interval, the order of efficacy
based on the reduction of mean per cent plant damage over
untreated control was T;>T;>Tg>T,>T,>Ts.

Seed yield of maize

Mean seed yield of maize was higher in plots treated with
various treatment schedules than untreated control (Table 4).
In the winter season, the highest seed yield was obtained
in T; and found to be statistically at par with T, and T,
(F;,14=18.26, P=0.0003), while T; registered significantly
highest yield during the spring—summer season (F; |, =12.81,
P=0.0001) with 40.87% increase over control (T)).

Table 3 Efficacy of different

Treatments PTC Mean per cent plant damage by fall armyworm Pooled Mean % ROC
treatment schedules on fall
armyworm in spring—summer 1% spray 2" spray 3 spray
e 7DAS 14DAS 7DAS 14DAS 7DAS 14DAS
T, (Control) 24.12% 30.37° 35.12° 33.52° 28.18% 21.39° 19.51% 28.08 -
(29.41) (33.44) (36.34) (35.38) (32.06) (27.55) (26.21)
T, 2238 21.14% 1590 13.56° 10.72% 6.35% 327°  11.82 5791
(28.23) (27.37) (23.50) (21.61) (19.11) (14.60) (10.42)
T, 24.41* 2022 1512 12.05° 9.07® 361* 1.10°  10.19 63.71
(29.61) (26.72) (22.88) (20.31) (17.53) (10.95) (6.02)
T, 2530° 21.58° 17.46> 13.77° 10.11° 8.52° 6.35% 1297 53.81
(30.20) (27.68) (24.70) (21.78) (18.54) (16.97) (14.60)
Ts 23.56* 20.18® 18.25° 1439 11.52° 925 697 1343 52.17
(29.04) (26.69) (25.29) (22.29) (19.84) (17.71) (15.31)
Tg 25.07* 21.35% 16.56° 13.10° 8.44*  592° 459*  11.66 58.48
(30.05) (27.52) (24.01) (21.22) (16.89) (14.08) (12.37)
T, 23.81*° 20.70® 16.88* 11.75* 7.39°  5.41° 423" 11.06 60.61
(29.21) (27.06) (24.26) (20.05) (15.77) (13.45) (11.87)
SEd NS 0.06 0.15 0.24 0.51 021 052 - -
CD (0.05%) NS 0.31 0.40 0.96 1.32 079 116 - -

PTC Pre-Treatment Count, ROC Reduction over untreated control, DAS Days after Spray

Figures in parentheses arc sine transformed values

In a column means followed by common alphabets are not significantly different by DMRT (P =0.05)
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Table 4 Effect of different treatment schedules on yield of cereal
maize

Treatments  Winter maize Spring—summer maize
Mean yield (q % I0C Mean yield (q % 10C
ha™") ha™")

T, (Control) 29.769 - 31.14% -
(5.50) (5.63)

T, 46.28° 3570 45.92% 32.19
(6.84) (6.81)

T, 52.39% 43.19  52.66° 40.87
(7.27) (7.29)

T, 43.54° 31.65 44.18% 29.52
(6.64) (6.68)

Ts 41.09° 27.57 40.72¢ 23.53
(6.45) (6.42)

Te 50.16% 40.67 48.63° 35.97
(7.12) (7.01)

T, 50.82% 4144  50.25% 38.03
(7.16) (7.12)

SEd 0.72 - 0.56 -

CD (0.05%) 2.18 - 1.89 -

10C Increase over untreated control
Figures in parentheses arc \/ x+0.5 transformed values

In a column means followed by common alphabets are not signifi-
cantly different by DMRT (P=0.05)

Safety of different treatment schedules to natural
enemies

The non-target toxicity of different treatment schedules
was recorded on prevailing coccinellid predators in maize
ecosystem and per cent larval parasitization by C. chlo-
rideae. During the winter season, T, consistently registered

OPre Treatment Count

=14 daysafterthird spray

% 14 daysafterfirst spray
@®Reduction overcontrol (ROC)

the lowest number of coccinellid fauna followed by Ty
after first (SEm+0.23), second (SEm+0.37), and third
(SEm +0.19) spray (Fig. 3). A similar trend of toxicity was
also encountered in the spring—summer season maize where
highest numbers of coccinellid predators were recorded
in T, followed by T5 (SEm+0.11), T5 (SEm =+ 0.29), and
T, (SEm =+ 0.42) after the consecutive three applications,
respectively (Fig. 4). Figure 5 revealed that 2.72% FAW
larvae were parasitized by C. chlorideae in T, and found
to be statistically at par with T; and T, (5.51 and 15.07%
reduction over control, respectively) during the winter sea-
son. However, T, and T registered the lowest per cent larval
parasitization (SEm =+ 0.03) with 63.23% and 58.54% reduc-
tion over control during the first and second season (Fig. 6),
respectively.

Method validation of residue analysis
and food-safety assessment

The validation of the analytical method was performed
by examining linearity, recovery, precision and accuracy.
Recovery studies were conducted to evaluate the validity
of the present experiment by fortifying the maize samples
with different concentrations of technical grade novaluron,
emamectin benzoate, spinetoram, chlorantraniliprole and
lambda cyhalothrin (Table 5). The average recoveries ranged
between 86.6 and 92.9% for maize leaf, 89.0 and 92.9% for
maize grain, and 86.6 and 91.5% for field soil. The terminal
residues of the commercial formulations of selected insecti-
cides, applied at recommended and its double dosages were
analysed after harvest and the residues of the test insecti-
cides were found to be below the detectable level (BDL) in
all the collected substrates (Table 6).
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Fig. 3 Relative effect of different treatment schedules on coccinellid populations in winter maize agro-ecosystem. [In a series, bar followed by

common alphabets are not significantly different by DMRT (p =0.05)]
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Fig.4 Relative effect of different treatment schedules on coccinellid populations in spring—summer maize agro-ecosystem. [In a series, bar fol-
lowed by common alphabets are not significantly different by DMRT (p=0.05)]

Discussion

As is common with other crop pests, chemical insecticide is
the prime option to control FAW in India (Tippannavar et al.
2019), America (Hardke et al. 2011), Mexico (Malo et al.
2004) and African countries (Assefa and Ayalew 2019). Sev-
eral insecticide applications are required to kill the FAW lar-
vae feeding inside the plant whorl; however proper treatment
should be imposed at the vegetative stage to minimise the
infestation load at the silking stage of maize (Foster 1989).
In our two-season experiment, the insecticides currently rec-
ommended for control of FAW displayed a varied level of

OPre Treatment Count

% larvae parasitized

T1 (Control) T2 T3

B 14 daysafterthird spray

field-efficacy through specific treatment schedules. In both
seasons, the initial efficacy of Barazide® and Proclaim Fit®
was poorer than Fimecta®, but the significant superiority
was shown by the former after two weeks. The delayed effi-
cacy of these formulations was possibly due to the presence
of insect growth regulators (IGRs) novaluron and lufenuron,
which acted slowly on early larval instars of FAW for longer
periods instead of quick knockdown (Ghosal and Chatterjee
2017; Kundu et al. 2018). However, higher efficacy of
individual application of novaluron and emamectin benzo-
ate against FAW was reported by Deshmukh et al. (2020).
Satisfactory effect against FAW larvae was also exhibited
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Fig.5 Relative effect of different treatment schedules on FAW larval parasitisation by C. chlorideae in winter maize agro-ecosystem. [In a
series, bar followed by common alphabets are not significantly different by DMRT (p=0.05)]
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Fig.6 Relative effect of different treatment schedules on FAW larval parasitisation by C. chlorideae in spring—summer maize agro-ecosystem.
[In a series, bar followed by common alphabets are not significantly different by DMRT (p=0.05)]

by the insecticide Delegate® in T; and T, and the present
results accord with those of Hardke et al. (2011), Belay
et al. (2012), Viteri et al. (2018), and Sisay et al. (2019).
But interestingly the per cent reduction of plant damage over
control was comparatively higher in T; when Delegate® was
incorporated in the second spray schedule, than in the third
(T,). It can be attributed that compared to the later instars,
the early instars of FAW larvae are more susceptible to
spinetoram (Roy and Biswas, 2020). In addition, a possible
cross-resistance mechanism between spinosin and diamide
classes of chemistry might play a role in this circumstance
(Neto et al. 2016). On the other hand, the relative efficacy
and field-consistency of Barazide® and Ampligo®, licensed

for the management of FAW in India, was higher in the
spring—summer season compared to the winter. Though the
overall mean per cent reduction was higher during the first
season, the reduction of plant damage after each spray of
these molecules including Coragen® was remarkable. This
might be attributable to the increased toxicity of synthetic
pyrethroids (Jaleel et al. 2020), diamides (Li et al. 2020),
and emamectin benzoate (Malik et al. 2018) with the ris-
ing atmospheric temperature, where temperature correlated
positively with the efficacy of these ready-mix insecticides
against lepidopteran caterpillars.

Quite similar numbers of coccinellid predators prevailed
in T5, T; and T, (control) after the first spray, verified the

Table 5 Recovery studies of the insecticides constituted the most effective module on maize leaf, grain and soil

Samples Novaluron Emamectin benzoate Spinetoram Chlorantraniliprole Lambda cyhalothrin
QF RP MRP QF RP MRP QF RP MRP QF RP MRP QF RP MRP
gg™ B B wggh B @ (ggh B (B wggh) B B (gg) R (%)

Maize leaf 0.02 87.0 924 0.02 824 86.6 0.01 83.6 909 0.01 855 929 0.01 859 912
0.05 91.4 0.05 84.6 0.05 90.2 0.10 92.8 0.10 88.3
0.10 94.9 0.10 88.0 0.10 92.9 0.50 95.3 0.50 94.4
0.50 96.2 0.50 91.5 1.00 97.1 1.00 98.0 1.00 96.2

Maize grain 0.02 82.6 90.0 0.02 86.2 90.7 0.01 90.0 929 0.01 81.0 89.1 0.01 82.5 89.0
0.05 88.3 0.05 89.1 0.05 91.5 0.10 87.2 0.10 87.1
0.10 93.7 0.10 91.8 0.10 93.8 0.50 91.7 0.50 91.2
0.50 95.5 0.50 95.4 1.00 96.3 1.00 96.4 1.00 95.3

Maize field soil 0.02 79.1 87.1  0.02 88.7 915 0.01 85.6 90.7 0.01 76.1 86.6  0.01 81.6 87.1
0.05 84.6 0.05 90.6 0.05 89.2 0.10 84.0 0.10 86.8
0.10 90.0 0.10 94.3 0.10 92.4 0.50 91.6 0.50 88.5
0.50 94.4 0.50 92.5 1.00 95.7 1.00 94.5 1.00 91.6

QF Quantity fortified, RP Recovery percentage, MRP Mean recovery percentage
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Table 6 Residues of three insecticides constituted the most effective
module in maize at the time of harvest

Treatments Dose Residues (ug g~') in maize
(gad. ha ') 3 K
Leaf Grain Soil
Novaluron 90 BDL BDL BDL
5.25% + Emamectin 180 BDL BDL BDL
benzoate 0.9% SC
Spinetoram 11.7 SC 30 BDL BDL BDL
60 BDL BDL BDL
Chlorantraniliprole 35 BDL BDL BDL
9.3% + Lambda 70 BDL BDL BDL
cyhalothrin 4.6% ZC
Untreated control - BDL BDL BDL

BDL Below detectable level (0.003 ug g™

safety of emamectin benzoate, novaluron and lufenuron
usage in the field (El-Wakeil et al. 2013; Govindan et al.
2013). Moreover, selectivity and field-compatibility of chlo-
rantraniliprole and spinosins with the ladybird beetles and
lepidopteran parasitoids was conceded by Liu et al. (2017)
and Parsaeyan et al. (2020), and fasten the present investiga-
tion. Significantly lower per cent larval parasitization by C.
chlorideae was observed in T,, which might be due to the
unsuitability of the host for egg-laying after the exposure
to neonicotinoid insecticide combination in the third spray
(Cloyd and Bethke 2011). It has been seen that irrespective
of the treatments imposed, the overall coccinellid popula-
tions were reduced immediately after the spray (Sudhanan
et al. 2017). In addition, there were a few chances that the
natural enemies may move from the treated plots to the
untreated control in search of food, as the treated plots har-
bour a lesser number of FAW larvae (Stanley 2004).

The results of insecticidal residues of Barazide® were in
the line of Malhat et al. (2013, 2014), who substantiated that
the half life of novaluron and emamectin benzoate in tomato
were 2.08 and 2.50 days, respectively with 93 to 99% recover-
ies. In addition, the residue of lambda cyhalothrin was found
to be decline very quickly in vegetables with half life period
of 3.12 days (Malhat et al. 2016), whereas flubendiamide resi-
dues were at BDL in cardamom capsules and soil after the
foliar application at 96 g a.i. ha™! (Vinothkumar et al. 2008).
Although many factors like physical and chemical character-
istics of pesticides, method and site of application etc. govern
the fate of pesticide in plants (Brady et al. 2006); spinetoram
exhibited a smaller half life of 2.71 days in tomato with recov-
eries between 88.81 and 95.41% in the findings of Hafez et al.
(2016), and corroborates the present investigation.

It can be concluded that the FAW attack in maize is
expanding and, as such, require close monitoring and sus-
tainable management. The risk of maize crop becoming
infested with this invasive pest is also closely connected to
the lack of potential natural control and the development of

@ Springer

insecticide resistance within a shorter period. The results
of our research showed the highest efficacy with negligible
non-target toxicity through the application of Barazide®,
Delegate®, and Ampligo® in a sequence and this module
can be recommended for use in the conventional and inte-
grated maize production zone from the point of plant protec-
tion, food safety and environmental health. Further investi-
gations should be done to test the hypothesis that current
resistance status of FAW to various insecticides may alter
the dosages and usage pattern of the recommended mol-
ecules at a particular region. Indeed, the present data are
crucial for making appropriate decisions about the applica-
tion of the most effective insecticidal schedule against this
invasive species across the globe.
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