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Abstract: This study assesses the impact of defoliation applied to three developmental stages across
three cropping seasons from 2021 to 2023 on growth, yield and forage quality in maize. The exper-
imental design included three treatments: defoliation of three expanded leaves at the 3rd–4th leaf
stage (DF1), the 5th–6th expanded leaves by leaf punch (DF2) and expanding leaves with the DF2
treatment (DF3) at the 6th–7th leaf stages, compared with no defoliation (control). Over three years,
the most significant decrease in dry matter (DM) yield occurred in DF1 during spring sowing, while
in summer sowing, the largest reduction was in DF3, both of which were correlated with changes in
the number of grains per ear. The DM yields at harvest were positively correlated with plant leaf
areas at the silking stage. The digestibility of forage in in vitro DM decreased concomitantly with an
increase in acid detergent fiber content, indicating a decrease in forage quality. Given the frequent
severe damage observed in summer sown maize and the detrimental effects of early growth stage
leaf feeding on quality and quantity of spring sown maize, the application of registered insecticides
is advised to reduce pest damage to maize crops.

Keywords: clipping; cropping season; quantity and quality; pest damage; yield component; Zea mays L.

1. Introduction

The fall armyworm (FAW, Spodoptera frugiperda), which is native to the subtropical
and tropical regions of the Americas, has undergone a rapid ‘west-to-east’ range expansion,
spreading from the west African countries of Nigeria and Ghana where it was first detected
in 2016 [1,2], through to Kenya in East Africa [3] and onward to Indonesia [4] and the
Philippines [5] in Southeast Asia. This highly polyphagous and invasive pest persists
through winter in regions where temperatures do not fall below 10 ◦C, reflecting the
larval lowest threshold temperature of 10.39 ◦C [6]. In North America, adult FAW migrate
northwards from the winter breeding regions in southern Texas and southern Florida,
transitioning through several generations before reaching regions as far north as Québec
and Ontario in Canada, where it damages maize crops from spring to autumn [7]. In Japan,
the FAW was first recorded in Kagoshima Prefecture in early July 2019, and the pest had
invaded 21 of the 47 prefectures in Japan (i.e., from Kyushu-Okinawa to the Tohoku region)
by December 2019 [8]. In the first winter of 2019–2020, the FAW was observed year-round
in tropical and subtropical regions of southern China [9]. Significant migrations to the
Japanese mainland began in May 2020 [8], and by November 2020, the FAW had spread to
42 Prefectures, including Hokkaido, causing extensive damage to 12 agricultural crops [10].

Kyushu employs several cropping systems for maize because of its warm climate,
allowing planting from late March to early August [11]. The three main systems include
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spring sowing from March to April with harvesting in late July to August, late sowing from
May to June with harvesting from August to October and summer sowing from July to
August with harvesting in November, complemented by a double cropping systems that
combines spring and summer sowing crops [12].

The damage inflicted by the FAW exhibits distinct characteristics at different growth
stages. Initially, young larvae (first to second instar) scrape at the 3rd to 4th maize leaf stages,
subsequently migrating to feed within the whorls on the expanding leaves and stalks as
third to fourth instars, or older when the maize plants are at the early 5th to 6th leaf stages,
prior to stem elongation [13]. This phase typically leaves insect bite marks along the midrib
of expanded leaves [14]. High larval densities can lead to severe damage, consuming almost
all expanding leaves and potentially killing the maize. Several phenotyping techniques
have been developed and validated for assessing yield loss due to the FAW [15,16]. In
India, across the several artificial larval load of FAW to maize genotypes in net house, it
tended to increase maize leaf damage rating score with the increase in the larval load at 14
days after infection and the authors discovered the resistant maize germplasm to the larval
load [15]. In Indonesia, the damages of FAW on maize crops were monitored across three
altitudinal categories with weeks after planting of maize to find that the highest population
density and the percentage and intensity of FAW attack were conducted at an altitude of
500–1000 m a.s.l. at 2–4 weeks after planting [16]. However, accurately estimating the
impact of FAW on maize growth, yield and quality under natural infestations remains
challenging [14,17]. The effects of defoliation on maize growth and yields varies depending
on the growth stage of the maize [18], where young maize plants at the 1st–2nd and 3rd–4th
expanded leaf stages can compensate for 33–66% defoliation without reducing grain yields
in New Mexico, USA [18]. However, kernel weight is particularly affected by ‘source’
manipulation during grain filling [19].

Therefore, in the present study, we simulated pest damage by applying varying
degrees of defoliation at two growth stages across the three typical cropping seasons from
2021 to 2023. The objectives of these treatments were to evaluate how defoliation affects
the quantity and quality of maize over these three cropping seasons spanning three years.

2. Materials and Methods
2.1. Study Site and Climatic Conditions

The study was conducted in the experimental fields of the Faculty of Agriculture,
University of Miyazaki (31◦49′39′′ N, 131◦24′46′′ E, 27 m above sea level), from April 2021
to November 2023. Based on data collected by the Japan Meteorological Agency [20],
daily mean temperature and cumulative precipitation in the growing season from April to
November were 21.9 ◦C and 2752 mm, 22.6 ◦C and 2549 mm, and 22.3 ◦C and 2493 mm in
2021, 2022 and 2023, respectively, which was higher than the 30-year average of 21.8 ◦C
and 2227 mm (Figure 1). In 2021, Typhoon No. 9 hit the area in early-mid August, causing
abundant rainfall (>320 mm), and in mid-September of the same year, an active autumn
rain front was associated with more than 560 mm of rainfall. The autumn temperature
tended to be higher from mid-September to mid-October in 2021 when the 10-day mean
temperature was above 22 ◦C. Typhoon No. 14 in 2022 hit Miyazaki in mid-September,
causing rainfall to exceed 370 mm. In 2023, Typhoon No. 6 approached Miyazaki in early
August, causing more than 450 mm of rainfall, and this was followed by more than 450 mm
in early June due to the ‘Baiu’ rainy season. The field was flooding on the day of Typhoon
No. 6, 9 August 2023, while the flooding water disappeared due to highly permeable
volcanic ash soils on the following day, August 10. In the summer sowing maize season,
the unusually high temperature of 26 ◦C extended from early August to late September.
No symptom of drought damage was found in maize across three sowing seasons, fitting
to the minimum requirement of precipitation in all growing seasons, every year.
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Figure 1. Daily mean temperature and precipitation for 10-day intervals in the maize growing seasons
from 2021 to 2023, together with the 30-year average from 1991 to 2020 for Miyazaki Prefecture.

2.2. Experimental Design, Treatments and Measurements

Maize crops were planted using a randomized block design comprising three repli-
cate blocks (replicates), with each block subdivided into four plots measuring 3 × 5 m
(15 m2) for each treatment. Each plot consisted of two rows of 3 × 1 m (3 m2), with a
3 × 1 m (3 m2) buffer between blocks, implemented over three cropping seasons from
2021 to 2023. The defoliation treatments were categorized into three levels: defoliation
of three expanded leaves at the 3rd–4th leaf stage (DF1), defoliation of the 5th–6th ex-
panded leaves by leaf punch to create three 15 mm × 4 mm holes on each side of the
midrib (total of 6 holes, DF2) and defoliation of the expanding leaves together with
the DF2 treatment at the 6th–7th leaf stage (DF3), with a control (Cont) featuring no
treatment (Figure 2).

Figure 2d shows the severe impact of FAW on the summer sowing maize crops, mon-
itored in Miyakonojo, Miyazaki (31.786◦ N, 131.053◦ E) on 1 September 2022, when all ex-
panding leaves were lost by the feeding of FAW in addition to the typical insect bite marks
along the midrib on the expanded leaves. Therefore, the defoliation treatment of DF3 was
simulated for this worst impact case, that of DF2 was simulated for the case when the ef-
fective control of FAW damage was achieved by finding the FAW bites at the 5th–6th leaf
stage (Figure 2f), and that of DF1 was tried to simulate the impact of FAW on the youngest
seedling stage (Figure 2e), followed by the successful control achieved at the later
growing stages.
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Figure 2. Methods of defoliation treatments in (a) DF1 (defoliation of the 1st–3rd expanded leaves
at the 3rd–4th leaf stage), (b) DF2 (defoliation of the 5th–6th expanded leaves by leaf punch at the
6th–7th leaf stage) and (c) DF3 (defoliation of the expanding leaves in addition to DF2 treatment
at the 6th–7th leaf stage) and (d) the impact of FAW at the 6th–7th leaf stage in the field, and the
experimental field in (e) DF1 plot (Center) at the 3rd–4th leaf stage, and (f) DF2 (Left) and DF3 (Right)
plots at the 6th–7th leaf stage.

Cropping seasons consisted of spring sowing in early to mid-April, late sowing in
early June and summer sowing in early August, each maintained for three years. The maize
varieties used were early-maturity LG3520, LG2008 and LG30500 for spring sowing in 2021,
2022 and 2023, respectively; late-maturity PI2008 consistently for late sowing; and late-
maturity P3577, PI2008 and P3577 for summer sowing in 2021, 2022 and 2023, respectively.
Maize planting employed two seeds per hole (0.2 × 0.5 m spacing) and thinned to 1 plant
per hole at the 5th–6th leaf stage to maintain 80,000 plants ha−1.

The experimental site featured fine volcanic ash soils (Andosol). Before sowing the
maize, the plots were rotary-plowed, and basal fertilization was performed using cattle
manure at 30 Mg ha−1 and slaked lime at 1.5 Mg ha−1. Chemical fertilizers were applied in
split doses, each at 100 kg ha−1 of N, P2O5 and K2O, during each growing season. Weeding
was performed manually as required. No chemical insecticides were used throughout
the three-year study period due to low pest incidence; however, dolomite fertilizer was
applied to the whorl of maize in response to leaf damage at the vegetative stage to induce
larval mortality.

Plant growth attributes, including height and the number of expanded leaves, were
monitored at 2–6-week intervals at 11 plants per row (22 plants per treatment) for each
treatment per replicate. At the silking stage in 2023, areas (cm2) of all live leaves were
measured by portable leaf area meter (LI-3000C, LI-COR Corp., Lincoln, NE, USA) at
one plant per replicate for the spring and summer sowings, except for late sowing due to
lodging and leaf drops by Typhoon No. 6. Leaf area index (LAI) was calculated by summing
up the areas of all live leaves, multiplied by planting density and divided by 10,000. At
the milk-ripe or yellow-ripe stage of each crop, the fresh weights (FWs) of maize plants
were measured for 5 plants per row (10 plants per treatment) per replicate. In addition,
the average one plant per row (2 plants per treatment) per replicate was fractionated into
constituent plant parts, such as leaves, stem inclusive leaf sheathes, husks and ears, and
cut into 2 cm piece so that dry matter (DM) content could be determined. Material for DM
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measurements was dried in a forced-air oven at 70 ◦C for 3–4 days. Unfortunately, the 2021
spring sown crops could not be harvested due to wild animal (wild boars) invasion damage
at the early maturity stage. At harvest, grain yield components, such as the number of
grain rows, grain numbers per row and thousand grain weight were determined in only
2022 and 2023.

2.3. Forage Quality Analyses

Plant samples were systematically fractionated into distinct parts and dried at 70 ◦C
for more than 3 days in a forced air oven. Once dried, plant fractions were ground to
pass through a 1 mm sieve; samples were processed in duplicate for each replication.
Acid detergent fiber (ADF) content was determined using a detergent method [21] and
the ANKOM filter bag method [22] using an ANKOM-200 Fiber Analyzer (ANKOM
Technology Co., Ltd., Macedon, NY, USA). The total digestible nutrient (TDN) content of
maize was estimated from the ADF content using the following regression equation [23]:

TDN = 89.89 − 0.752 × ADF (1)

In vitro dry matter (DM) digestibility (IVDMD) was determined by a pepsin-cellulase
assay [24] using the filter-bag method and an in vitro incubator (ANKOM Technology Co.,
Ltd., Macedon, NY, USA).

2.4. Statistical Analyses

Statistical analyzes were performed to compare growth attributes, DM yield, IVDMD,
ADF content and grain yield components for all treatments from 2021 to 2023. Differences
in mean values between treatments were compared using a one-way analysis of variance,
at 5% probability, by Fisher’s least significant difference test, using Excel Statistics 2020
software (Microsoft® Excel, Redmond, Seattle, WA, USA).

3. Results
3.1. Changes in Plant Height

Changes in plant height over time after sowing were analyzed across three cropping
seasons and defoliation treatments (DF1, DF2 and DF3) and a no-treatment control (Cont)
in 2022 (Figure 3). In the spring sowing season, defoliation (DF1) led to a decrease in
plant height that did not recover by harvest (Figure 3a). Conversely, in the late sowing
season (Figure 3b), the differences in plant height among defoliation treatments were less
pronounced compared to the spring sowing, and a trend was similar in the summer sowing
season (Figure 3c).
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Figure 3. Changes in plant height over time (days) after sowing and the logistic curve fitting
(y = K/(1 + bexp(-ax))) between days after sowing (x) and plant height (y) across defoliation treatments
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(DF1, DF2 and DF3) and a no-treatment control (Cont) for three cropping seasons in 2022. Cropping
seasons: spring sowing, planted in early April; late sowing, planted in early June; and summer
sowing, planted in early August. Defoliation treatments: Cont (no treatment); DF1 (defoliation of the
1st–3rd expanded leaves at the 3rd–4th leaf stage); DF2 (defoliation of the 5th–6th expanded leaves
by leaf punch at the 6th–7th leaf stage); and DF3 (defoliation of the expanding leaves in addition to
DF2 treatment at the 6th–7th leaf stage).

Changes in plant height over days after sowing were modeled using a logistic curve,
with results including multiple correlation coefficients and p values from 2022 and 2023
presented in Table 1. However, the modelling cannot apply to the results for plant height in
2021 due to there being few datasets. The multiple correlation coefficients were significant
at the 5% level, indicating that the logistic curve effectively fits the changes in plant height
as a function of days after sowing, except for the late sowing crops in 2023. This exception
was due to significant disruption caused by heavy winds associated with Typhoon No. 6 in
early August 2023. Notably, the K values, representing the carrying capacity of the logistic
model, were lower in the DF1 treatment in 2022 for spring sowing, and in DF3 treatment in
2023 across the spring sowing, late sowing and summer sowing, compared to the Cont.

Table 1. Logistic curve parameters (y = K/(1 + bexp(-ax))) between days after sowing (x) and
plant height (y), multiple regression coefficients and p values for defoliation treatments across three
cropping seasons in 2022 and 2023.

Year: 2022 Year: 2023

Cropping Variable Cont DF1 DF2 DF3 Cont DF1 DF2 DF3

Spring
sowing

K 269.00 247.00 268.00 265.00 300.00 301.50 296.00 285.00

a 0.0850 0.0845 0.0840 0.0850 0.0947 0.1004 0.0942 0.0934

b 88.079 110.047 89.881 89.202 139.428 218.604 138.078 127.782

Multiple correlation coefficient 0.9848 0.9809 0.9905 0.9889 0.9803 0.9960 0.9905 0.9927

p value 0.0152 * 0.0191 * 0.0095 ** 0.0111 * 0.0197 * 0.004 ** 0.0095 ** 0.0073 **

Late
sowing

K 264.00 256.00 259.00 257.00 258.00 241.00 251.00 249.00

a 0.0810 0.0819 0.0803 0.0777 0.0911 0.0965 0.0886 0.0878

b 24.096 27.255 24.854 22.538 39.112 58.198 35.161 29.427

Multiple correlation coefficient 0.9760 0.9906 0.9697 0.9711 0.9896 0.9968 0.9885 0.9761

p value 0.024 * 0.0094 ** 0.0303 * 0.0289 * 0.0918 + 0.0513 + 0.0965 + 0.1395

Summer
sowing

K 177.00 181.00 184.00 179.00 270.75 274.45 270.85 264.75

a 0.0830 0.0834 0.0862 0.0813 0.1336 0.1336 0.1394 0.1328

b 24.473 25.101 29.460 27.095 152.671 167.949 187.945 143.694

Multiple correlation coefficient 0.9868 0.9759 0.9949 0.9971 0.9911 0.9895 0.9882 0.9880

p value 0.0132 * 0.0242 * 0.0051 ** 0.0029 ** 0.001 ** 0.0013 ** 0.0015 ** 0.0016 **

Note: ** p < 0.01, * p < 0.05, + p < 0.10.
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3.2. Plant Dry Matter Yields and Total Digestible Nutrient (TDN) Contents

Figure 4 shows plant DM yields and TDN contents at harvest for defoliation treat-
ments (DF1, DF2 and DF3) and a no-treatment control (Cont) across three cropping
seasons from 2021 to 2023. In the spring sowing season, DM yields decreased signif-
icantly in DF1 compared to Cont, followed by DF3, whereas the differences between
Cont and DF2 were negligible. In the late sowing season, the variation in DM yield
was diminished among treatments, except for the decrease in DF3 plot in 2021. In the
summer sowing season, DM yields were the lowest in DF3, followed by DF2 and DF1.
Differences in TDN content between treatments were not significant, ranging from 65%
to 74% DM, while TDN contents tended to be lower in DF1 and DF3 for the summer
sowing crops across the three years.
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Figure 4. Dry matter yield and total digestible nutrient (TDN) content at harvest for defoliation
treatments across three cropping seasons, 2021−2023. For details on cropping seasons and defoliation
treatments, refer to the footnote of Figure 3. Symbols followed by the same letter indicate no
significant difference between the defoliation treatments within the same year at the 5% probability
level according to Fisher’s least significant difference test. ns: not significant (p > 0.05).

3.3. Grain Yield and Grain Yield Components

Figure 5 shows the changes in grain yield and grain yield components at harvest
under defoliation treatments (DF1, DF2 and DF3) and a no-treatment control (Cont)
for three cropping seasons in 2022 and 2023. In the spring sowing season, significant
reductions in grain yields were observed in DF1, followed by DF3, which corresponded
to changes in DM yields. For the late sowing season, grain yields showed no significant
differences between treatments in either year. In the summer sowing season, grain yields
decreased significantly in DF3 in both years. The differences in grain yields among
treatments were mainly attributed to differences in the number of grains per row, while
the thousand grain weight did not differ significantly between treatments, except for a
significant decrease in DF1 during the spring sowing season in 2022.
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Figure 5. Grain yield and grain yield components at harvest in the defoliation treatments for three
cropping seasons, 2021–2023. For details on cropping seasons and defoliation treatments, refer to
the footnote of Figure 3. Symbols followed by the same letter indicate no significant difference
between defoliation treatments in the same year at the 5% probability level, according to Fisher’s
least significant difference test. ns: not significant (p > 0.05).

3.4. Plant DM Yields, and TDN Yields in Relation to Plant Leaf Area at Silking Stage

Considering the relationship between ‘source’ and ‘sink’ in determining grain yields,
plant DM yields and TDN yields were positively and significantly related with leaf area
index (LAI) values at the silking stage in 2023, as shown in Figure 6. This correlation shows
that reductions in LAI due to defoliation by insects lead to a linear decrease in both plant
DM yields (a) and TDN yields (b).
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Figure 6. Relationship between leaf area index at the silking stage and plant dry matter yield (a) and
total digestible nutrient (TDN) yield (b) in 2023. Defoliation treatments: Cont (#, •); DF1 (△, ▲); DF2
(3,

AgriEngineering 2024, 6, FOR PEER REVIEW  8 
 

 

 
Figure 5. Grain yield and grain yield components at harvest in the defoliation treatments for three 
cropping seasons, 2021–2023. For details on cropping seasons and defoliation treatments, refer to 
the footnote of Figure 3. Symbols followed by the same letter indicate no significant difference be-
tween defoliation treatments in the same year at the 5% probability level, according to Fisher’s least 
significant difference test. ns: not significant (p > 0.05). 

3.4. Plant DM Yields, and TDN Yields in Relation to Plant Leaf Area at Silking Stage 
Considering the relationship between ‘source’ and ‘sink’ in determining grain yields, 

plant DM yields and TDN yields were positively and significantly related with leaf area 
index (LAI) values at the silking stage in 2023, as shown in Figure 6. This correlation shows 
that reductions in LAI due to defoliation by insects lead to a linear decrease in both plant 
DM yields (a) and TDN yields (b). 

 
Figure 6. Relationship between leaf area index at the silking stage and plant dry matter yield (a) and 
total digestible nutrient (TDN) yield (b) in 2023. Defoliation treatments: Cont (○, ●); DF1 (△, ▲); 
DF2 (◇, ◆); and DF3 (□, ■). Cropping seasons: spring sowing (○, △, ◇, □) and summer sowing 
(●, ▲, ◆, ■). Note: plant leaf area measurements were not possible for the late sowing season due 
to plant lodging caused by typhoon damage. 

  

a

c

a

b

ns

a a a

b

a

b

a

b

ns
a

ab ab

b

a
b a ab

ns
a ab a

b

a
b

a
ab ns

a ab a b

a

b

a
a

ns

ns

ns

ns
ns

0

50

100

150

200

250

0

20

40

60

80

100

120

140

160

Cont DF1 DF2 DF3 Cont DF1 DF2 DF3 Cont DF1 DF2 DF3

Spring-sowing Late-sowing Summer-sowing

G
ra

in
 n

um
be

r p
er

 ro
w

 (○
, □

), 
Th

ou
sa

nd
 g

ra
in

 w
ei

gh
t (

g 
A

ir 
D

W
,  
●

,  
■

)

G
ra

in
 y

ie
ld

 (g
 A

ir 
D

W
)

Cropping season and treatment of defoliation

2022 2023 2022 2023 2022 2023

0

500

1000

1500

2000

2500

0 2 4 6 8

D
ry

 m
at

te
r y

ie
ld

 (g
 m

−2
)

Leaf area index

y = 0.3282 x − 196.16
r = 0.838 (p < 0.05)

(a)

y = 234.92x + 304.67
r = 0.932 (p < 0.10)

y = 287.75x − 201.66
r = 0.956 (p < 0.05)

0

500

1000

1500

2000

0 2 4 6 8

TD
N

 y
ie

ld
 (g

 m
−2

)

Leaf area index

(b)

); and DF3 (□, ■). Cropping seasons: spring sowing (#, △, 3, □) and summer sowing (•, ▲,

AgriEngineering 2024, 6, FOR PEER REVIEW  8 
 

 

 
Figure 5. Grain yield and grain yield components at harvest in the defoliation treatments for three 
cropping seasons, 2021–2023. For details on cropping seasons and defoliation treatments, refer to 
the footnote of Figure 3. Symbols followed by the same letter indicate no significant difference be-
tween defoliation treatments in the same year at the 5% probability level, according to Fisher’s least 
significant difference test. ns: not significant (p > 0.05). 

3.4. Plant DM Yields, and TDN Yields in Relation to Plant Leaf Area at Silking Stage 
Considering the relationship between ‘source’ and ‘sink’ in determining grain yields, 

plant DM yields and TDN yields were positively and significantly related with leaf area 
index (LAI) values at the silking stage in 2023, as shown in Figure 6. This correlation shows 
that reductions in LAI due to defoliation by insects lead to a linear decrease in both plant 
DM yields (a) and TDN yields (b). 

 
Figure 6. Relationship between leaf area index at the silking stage and plant dry matter yield (a) and 
total digestible nutrient (TDN) yield (b) in 2023. Defoliation treatments: Cont (○, ●); DF1 (△, ▲); 
DF2 (◇, ◆); and DF3 (□, ■). Cropping seasons: spring sowing (○, △, ◇, □) and summer sowing 
(●, ▲, ◆, ■). Note: plant leaf area measurements were not possible for the late sowing season due 
to plant lodging caused by typhoon damage. 

  

a

c

a

b

ns

a a a

b

a

b

a

b

ns
a

ab ab

b

a
b a ab

ns
a ab a

b

a
b

a
ab ns

a ab a b

a

b

a
a

ns

ns

ns

ns
ns

0

50

100

150

200

250

0

20

40

60

80

100

120

140

160

Cont DF1 DF2 DF3 Cont DF1 DF2 DF3 Cont DF1 DF2 DF3

Spring-sowing Late-sowing Summer-sowing

G
ra

in
 n

um
be

r p
er

 ro
w

 (○
, □

), 
Th

ou
sa

nd
 g

ra
in

 w
ei

gh
t (

g 
A

ir 
D

W
,  
●

,  
■

)

G
ra

in
 y

ie
ld

 (g
 A

ir 
D

W
)

Cropping season and treatment of defoliation

2022 2023 2022 2023 2022 2023

0

500

1000

1500

2000

2500

0 2 4 6 8

D
ry

 m
at

te
r y

ie
ld

 (g
 m

−2
)

Leaf area index

y = 0.3282 x − 196.16
r = 0.838 (p < 0.05)

(a)

y = 234.92x + 304.67
r = 0.932 (p < 0.10)

y = 287.75x − 201.66
r = 0.956 (p < 0.05)

0

500

1000

1500

2000

0 2 4 6 8
TD

N
 y

ie
ld

 (g
 m

−2
)

Leaf area index

(b)

,
■). Note: plant leaf area measurements were not possible for the late sowing season due to plant
lodging caused by typhoon damage.



AgriEngineering 2024, 6 1855

3.5. Relationship between Acid Detergent Fiber (ADF) Content and In Vitro Dry Matter
Digestibility (IVDMD) at Harvest

Figure 7 shows the relationships between ADF content and IVDMD at harvest for three
years. Plant IVDMD decreased with an increase in ADF content, resulting in significantly
negative correlations between these two forage quality attributes. Consequently, an increase
in defoliation intensity, which leads to an increase in ADF content, results in reduced
digestibility of maize crops.
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Figure 7. Relationship between acid detergent fiber (ADF) content and in vitro dry matter digestibility
(IVDMD) at harvest in 2021 (a), 2022 (b) and 2023 (c). Defoliation treatments: Cont (#, •, •); DF1 (△,
▲, ▲); DF2 (3,
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4. Discussion

Observations from Ecuador indicate that damage from the FAW on maize varies
seasonally, with less damage occurring during the rainy season (>1700 mm of precipitation)
compared to the dry season (<50 mm) [25]. In the present study, the rainfall distribution
across the three cropping seasons was relatively uniform, except for the lower precipitation
during the later growth stages of the summer sown crops. Consequently, it is important
to consider the thermal response of maize growth across these seasons [11], especially
given the marked increase in daily mean temperatures from early April through early or
mid-August, as shown in Figure 1.

In the spring sowing crops, an increase in plant height was delayed in the DF1 treat-
ment, followed by DF2, compared with the control (no-treatment), as shown in Figure 3a.
Additionally, the variable K, representing the carrying capacity in the logistic curve fitting,
was lower in DF1 than in the control for the spring sowing, and this pattern followed that
observed for late sowing (Table 1). For the summer sowing crops, the rate of plant height
increase did not vary significantly among treatments, although the K values were lower in
DF3 than in the control for the 2023 season (Table 1). A significant decrease in plant height
due to defoliation at the seedling stage (V4), comparable to that observed in the DF1 treat-
ment in the present study, was observed in Liaoning, northeast China [26]. This reduction
in height was beneficial in reducing lodging of maize crops caused by typhoons, due to
shortening of the internode length, and led to a significant increase in grain yield [26].

In the present study, maize crops did not experience lodging, except during the late
sowing in 2023 when severe lodging and leaf loss at the silking stage occurred due to
Typhoon No. 6, irrespective of the defoliation treatments. Despite these conditions, total
DM yield and TDN yield were positively correlated with LAI at the silking stage when the
plant leaf area was at its maximum, as shown in Figure 6. These relationships correspond
to the source manipulation to sink capacity during the grain-filling stage in maize [19,26].
Interestingly, a study in the USA found that grain yield was not adversely affected by early
defoliation, even with leaf removal ranging from 0% to 66% at the 1st–2nd and the 3rd–4th
leaf stages (V1–2 and V3–4, respectively) [18]. However, in the present study, maize plant
height, DM and grain yields were reduced by DF1 for the spring sowing plots in 2022
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and 2023. The discrepancy between the previous study [18] and the present study was
derived from the lower growing temperature below 20 ◦C at the early vegetative stage in
spring sowing maize for the current study. These findings provide a strong theoretical basis
for recommending the application of insecticides at low levels of FAW infection during
the seedling stages (V3–4). In the present study, defoliation treatments DF1 and DF2 for
summer sowing crops did not decrease grain yields compared to the control in 2022–2023.
Regarding the forage quality of maize, a previous study on spring sowing maize reported
an increase in ADF content led to a decrease in IVDMD across several plant fractions over
two years [12], suggesting a negative correlation between these two quality variables.

The efficacy of chemical pest control by insecticide application on maize yields varies
markedly across different growth stages of maize, from 1 week (early vegetative stage) to
8 weeks (tasseling stage) after emergence. It has been established that maize plants pro-
tected earlier in the growth cycle exhibit higher grain yields compared to those treated at
later growth stages [27]. This response to chemical control under high levels of natural pest
pressure [27] contrasts with findings from a defoliation treatment study, which reported
no decrease in grain yield [28]. However, it is critical to emphasize that early stage of
protection against FAW infection is crucial for mitigating damage to maize crops by this
highly invasive pest [2].

In addition to chemical sprays, seed treatments incorporating a combination of chemi-
cals, such as Chlorantraniliprole, Cyantraniliprole and Thiodicarb with Imidacloprid, have
proven effective for increasing FAW larval mortality above 50% and maintaining maize
damage ratings below 5.0 for up to 14 days after emergence [29]. In Japan, seed treatment
using the chemical ‘Lumivia TM FS’, which contains Chlorantraniliprole, was registered for
use with maize on 23 August 2023 [30] and has been shown to be effective for controlling
FAW on maize crops within two weeks after emergence.

After these early growth stages, the application of entomopathogenic nematodes
mixed with sand [13] and biosilica fertilizer as foliar spray over the whorl area of maize
crops at a rate of 2–3 L per ha three times from 10 days after emergence [31], has successfully
reduced larval density [13], reduced leaf damage by FAW [13,31] and increased maize cob
yields [13,31]. Consequently, by considering the variable costs and benefits associated
with different protection strategies, it is advisable to adopt a multifaceted approach that
integrates various protective measures, including biological maize hybrid selection [25],
adjustments in cropping seasons and chemical techniques.

At the end of discussion section, the authors should address the limitation of the
present experimental work on maize crops. For example, the influence of applying defo-
liation on maize was sometimes able to fully simulate the impact of FAW on the actual
maize field, however, it may cause excessive stress on maize, compared with the actual
FAW impact in the field. In addition, the authors faced to uncontrolled factors, such as
damages by Typhoons and wild animal invasion, which blocked the completely paired
comparison across three cropping seasons, even when three-year trials were accomplished.

5. Conclusions

The results of the present study suggest that defoliation due to insect damage, partic-
ularly at the early seedling stage in the spring sowing season and at the vegetative stage
before stem elongation in the summer sowing season, is likely to reduce maize yield and
forage quality. Consequently, it is advisable to apply registered insecticides at optimal
growth stages of maize crops, specifically when insect damage is observed in the field. This
timely intervention can help mitigate the adverse impacts on crop yield and quality.
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