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Soil legacies in maize-edible
legume intercropping alter maize
growth and reduce Spodoptera
frugiperda larval feeding
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Sevgan Subramanian® and Daniel Munyao Mutyambai**

YInternational Centre of Insect Physiology and Ecology, Nairobi, Kenya, 2Department of Zoology and
Entomology, University of Pretoria, Pretoria, South Africa, *Forestry and Agricultural Biotechnology
Institute, University of Pretoria, Pretoria, South Africa, “Department of Life Sciences, South Eastern
Kenya University, Kitui, Kenya

Plant-soil feedback can influence aboveground interactions between plants and
herbivores by affecting plant chemistry. Such interactions can be utilized in pest
management. However, cropping systems such as maize-legume intercropping
(MLI) can influence these interactions which is not well understood. In this study,
we explored effects of MLI systems on soil physico-chemical properties, maize
growth, larval feeding and development of fall armyworm (Spodoptera
frugiperda). We used sterile soil and soil conditioned by different MLI and
maize-monoculture cropping systems to explore these interactions. Soil
samples that included soil conditioned by different MLl and maize-
monoculture cropping systems were collected from smallholder farmer fields
in eastern Kenya, where different MLl and maize-monoculture cropping systems
were being practiced. These soil samples were compared with sterile soils for
physico-chemical properties using black oxidation and Walkley methods. Three-
weeks-old maize plants grown in the different soil treatments in the greenhouse
were used for larval feeding and development assays. Neonate S. frugiperda
larvae were allowed to feed on maize leaf discs for 24 hours and another set of
plants were inoculated with the neonates for 15 days and the larval survival and
development monitored. Soil obtained from different maize-edible legume
intercropping systems had a higher pH, electrical conductivity, nitrogen,
organic carbon, potassium, phosphorus, calcium, magnesium, exchangeable
acidity, copper, clay and silt compared to maize-monoculture and sterile soil.
Maize plants grown in MLI soil had better growth parameters compared to those
in maize-monoculture and sterile soils. A high correlation was found between pH
and plant biomass, while no significant correlation with other physico-chemical
properties was noted. There were significant differences in larval feeding by S.
frugiperda neonates when exposed to constitutive and induced maize leaf discs
with more leaf tissue fed on maize grown in maize-monoculture and sterile soil.
When allowed to feed for 15 days, S. frugiperda larval weight and length were
significantly lower on maize plants grown in soils conditioned by MLI than those
grown in soil conditioned by maize-monoculture and sterile soils. Findings from
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this study show how conditioning soil by MLI systems improve soil health, maize
growth and reduces S. spodoptera larval feeding and development.
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1 Introduction

Global population will reach about nine billion by 2050,
requiring a significant increase in crop production and yields to
meet the high food demand amid ecological pressures (Van Dijk
et al, 2021). However, crop production is limited by factors
including poor soil fertility, diseases and pests which are
exacerbated by changing climate (Midega et al., 2018; Chiriboga
et al,, 2021; Davidson-Lowe et al., 2021; Mutyambai et al., 2022).
One pest that has become a global threat to the production of staple
food is the fall armyworm, Spodoptera frugiperda J.E Smith (FAW)
(Lepidoptera: Noctuidae). Fall armyworm is native to South
America, whose invasion on the African continent was first
reported in Nigeria in early 2016. But by January 2018, it had
spread through most of sub-Saharan Africa (SSA) (Stokstad, 2017;
FAO, 2018; Koffi et al,, 2020). Fall armyworm is a polyphagous pest,
known to attack over 350 plant species in the Americas (Montezano
et al,, 2018), with maize being the most preferred host for feeding
and offspring development. The larval feeding on young maize
leaves, whorls, tassels, and ears, leads to substantial damage even
resulting in plant death in severe infestation levels. Plants weakened
because of the defoliation and damage of cobs by the larvae are
more susceptible to diseases and environmental stresses (Hailu
et al, 2018; Mutyambai et al, 2022). The invasion of FAW in
Africa and its subsequent spread around the world has become a
significant source of concern due to its feeding on various staple and
economically important crops, especially maize, sorghum, and
millets, causing significant yield losses, in the absence of proper
control measures (Chiriboga et al., 2021; Makgoba et al.,, 2021;
Overton et al, 2021; Yan et al, 2022; Peter et al., 2023). The
multivoltine nature of FAW coupled with rapid reproduction
capacity and high dispersal ability has contributed to the
successful invasion and establishment of FAW in SSA and
beyond (Stokstad, 2017; De Groote et al., 2020). Surveys in Kenya
showed that 82% of maize smallholder farmers had been affected by
FAW, causing yield losses of up to 30%, reducing maize
productivity by up to 1 million tonnes (De Groote et al., 2020;
Mutyambai et al., 2022). In Ethiopia, Abro et al. (2021) estimated up
to 36% yield loss of maize valued at US$ 200 million between 2017
and 2019. In spite of management efforts by farmers in Ethiopia,
FAW caused up to 11.5% yield loss (Kassie et al., 2020). This reveals
that there is an urgent need for effective control of FAW for food
security and enhancing livelihoods of maize growers.

Several management practices have been implemented in SSA
to tackle the menace of FAW. These include cultural practices,
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biological control using natural enemies and chemical control using
insecticides (Hailu et al., 2018; Midega et al., 2018; Makgoba et al.,
2021). When FAW invaded Africa, chemical control was the main
strategy deployed by many African governments (Tambo et al,
20205 Chiriboga et al., 2021). Moreover, this approach was adopted
by most smallholder maize farmers, who frequently applied
insecticides. However, overuse of these synthetic insecticides is
not a sustainable option as these pose adverse effects on human
and environmental health including loss of pollinators, and pests’
natural enemies (Midega et al., 2018; Kumela et al., 2019; De Groote
et al.,, 2020). Potential sustainable management strategies of FAW
include agroecological-based approaches such as intercropping,
conservation and augmentation of natural enemies as well as
utilization of botanicals and beneficial microbes (Hailu et al.,
2018; Midega et al., 2018; Kansiime et al.,, 2019; Makgoba et al.,
2021). Habitat diversification through cropping systems such as
push-pull technology and maize-legume intercropping (MLI)
systems have been shown to reduce FAW infestation and increase
maize yield where they are practiced compared to maize-
monocultures (MMC) and other farmer practices (Hailu et al,
2018; Midega et al., 2018; Mutyambai et al., 2022; Libran-Embid
et al,, 2023). However, the impact of these cropping systems on the
belowground soil properties and their subsequent effect on plant-
soil feedbacks in relation to invasive pest herbivores like FAW is not
well known. Hence, there is needed to understand these cropping
systems interactions with belowground soil and its properties and
plant-soil feedbacks mediated by the soil changes resulting from this
cropping diversification to inform development of more effective
and sustainable strategies for managing this pest in SSA.
Cultivation systems, such as MLI systems and crop rotation,
have been shown to impact soil and regulate plant-soil interaction
(Drinkwater et al,, 2021; Wang et al., 2021). Recently, our
understanding of how cropping systems impact crop output,
plant growth, chemistry, and insect resistance has increased. For
example, cover crop, push-pull cropping system and crop rotation
strategies have significantly increased crop health and yield, soil
health and offer a potential management option for the herbivore
pests (Mutyambai et al., 2019; Ndayisaba et al., 2020; Davidson-
Lowe et al., 2021; Jalli et al,, 2021). In addition, diverse cropping
strategies, such as cover-crop and cereal-legume intercropping
systems exhibited significant expression of defense genes and
emission of herbivore-induced volatiles and secondary
metabolites, enabling plants to resist herbivore pests (Kaplan
et al., 2018; Mutyambai et al., 2019; Davidson-Lowe et al., 2021).
Some of the intercropped plants, like push-pull and maize-bean,
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release chemicals that attract insect herbivores away from the target
or repel them from the area (Khan et al., 2012; Gordy et al., 2015;
Peter et al., 2023). Moreover, companion crops improve soil health,
increase organic content, mitigates erosion, inhibit the movement of
larvae, prevent the laying of eggs, and provide a suitable habitat for
natural enemies (Harrison and Bardgett, 2010; Khan et al., 2012;
Sokame et al., 2020; Peter et al,, 2023). Intercropping through
simultaneous cultivation of different species masks volatile cues
used by herbivores to locate hosts (Karban, 2011; Midega et al,
2018). According to Kaplan et al. (2018), plant species grown in a
given soil have differential effects on subsequent plants that grow in
the same soil. On the other hand, monoculture has been associated
with detrimental impacts on plant soil feedback (PSF). This leads to
negative consequences on plant development and pest resistance
(Delgado and Gomez, 2016; Van der Putten et al., 2016), which is
apparent in MMC systems (Ewel et al., 1991).

Plant-mediated effects affect soil composition through influence
on nutrient accessibility, microbial communities, and organic
composition, which are crucial for their growth and health.
Different plant communities cause shifts in soil microbiota,
affecting the performance of successive plants either positively or
negatively (Agegnehu et al., 2016; Delgado & Gomez, 2016; Wang
etal., 2021). This phenomenon, known as PSF, has been utilized as a
cropping practice since the origin of agriculture (Harrison and
Bardgett et al., 2010; Van der Putten et al., 2016; Sharma, 2022) to
enhance agroecosystem services. However, only recently have
ecologists become interested in PSF as a critical driver of plant
dynamics and ecological processes (Mutyambai et al., 2019; Pervaiz
et al,, 2020; Wang et al,, 2021). The intrinsic soil characteristics
determine the entire agricultural output and the soil’s ability to
support plant growth, which determines production potential
(Agegnehu et al,, 2016; Sharma, 2022). The soil’s physico-
chemical, and biological characteristics make up these attributes,
which give such systems their dynamism. The fertility of the soil is
significantly influenced by soil physico-chemical characteristics,
including soil organic matter, maximum water-holding capacity,
electrical conductivity, bulk density, and pH (Van der Putten et al.,
2016; Ndayisaba et al., 2020; Ndayisaba et al., 2022; Sharma, 2022).
The soil is the main reservoir of nutrients and carbon, influencing
soil health and fertility (Li et al.,, 2020; Wang et al., 2021). These
outcomes improve our understanding of how various cropping
systems impact ecosystem functioning, allowing us to create more
effective and sustainable agricultural systems. Because of this,
elucidating how different cropping systems alter soil-conditioning
properties and reduce plant damage on maize plant becomes
imperative. Studies that examine the underlying phenomenon in
plant-soil interaction and its consequences have been largely
ignored, despite the recent focus on the influence of PSF on soil
physico-chemical characteristics and plant performance (Loreau
et al., 2001; Pervaiz et al., 2020; Drinkwater et al., 2021).

This study aimed at investigating the effect of conditioning soil
with different MLI systems on: (1) soil physico-chemical properties;
(2) maize seed germination, plant growth and biomass; and (3)
FAW larval feeding and development as a measure of direct
resistance. We hypothesized that soil conditioned by different
MLI systems exhibited better physico-chemical characteristics,
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mediates fast seed germination and enhance maize growth, and
biomass compared to maize plants grown on MMC and §
conditioned soil. We further hypothesized that FAW neonates fed
less on plants grown in soil conditioned by different MLI systems
compared to those grown in MMC conditioned and sterile soil.

2 Materials and methods
2.1 Study site and soil sample collection

Soil samples were collected from three counties in Kenya
namely, Tharaka Nithi (N 00° 01’ 58.5” E 37° 47’ 23.1”; N 00° 18’
51.9” E 37° 46’ 41.6”; 700 - 1113 meters above sea level (masl)),
Embu (S 00°30°07.4” E 37° 27’ 44.6”; S 00° 42’ 17.6” E 37° 29’ 32.7”;
1093 - 1541 masl), and Meru (N 00° 02’ 26.1” E 37° 45’ 55.5”; N 00°
01’ 48.6” E 37° 45 54.5”; 1110 — 1140 masl). These counties were
selected based on the availability of different MLI and MMC
cropping systems. Within each county, farms were chosen based
on similarities in agronomical parameters, farm management, and
minimum tillage to control weeds without applying synthetic
fertilizers or pesticides. Rhizospheric soil samples were collected
from different MLI and MMC cropping systems (Table 1) in farms
that were already established. The major crops planted in these
three counties include maize, millet, sorghum, black bean, common
bean, pigeon pea, green gram, and cowpea, characterized by MLI
systems. The climate in the area is sub-humid tropical with a
bimodal rainfall distribution consisting of a long rain season

TABLE 1 Rhizospheric soil samples collected from different cropping
systems in smallholder farm fields.

Cropping Soil types Acronym

systems

Maize-edible maize (Zea mays L.) black bean (Phaseolus MBB

legume vulgaris L.) conditioned soil.

intercropping

(MLI) maize pigeon pea (Cajanus cajan (L.) Millsp.) = MPP
conditioned soil.
maize common bean (Phaseolus vulgaris L.) MCB
conditioned soil.
maize green gram (Vigna radiata (L.) MGG
Wilczek) conditioned soil.

Maize- maize-monoculture conditioned soil. MMC

monoculture

(MMC)

Bulk soil (BS) soil collected from different cropping systems | BS (MBB,
in the smallholder farm fields and used in MPP, MCB,
experiments without any alteration. MGG

and MMC)

Sterile/control soil was harvested from one point at the icipe | S

soil (S) experimental plots in Nairobi, Kenya as a
control, which was sterilized for 24 h
(through autoclaving) following a 24 h
resting period.

Inoculated 95% of S soil inoculated with 5% of MPP, 5% IBS

bulk soil MGG, MBB, MMC and MCB

conditioned soil.
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(March-August) and a short season (October-December). The soils
in the study area are mainly Acrisols and Nitisols. Four smallholder
farms representing MLI and MMC cropping systems provided
samples for each of the cropping systems in Table 1. The soil
sampling was done randomly between maize and legume rows for
intercrops and maize rows for MMC cropping system during the
vegetative growth (4-5 weeks old) stage of the plants. Twelve
samples were collected per smallholder farm (=5-20 cm depth)
using a soil auger after cleaning surface organic contents around the
rows of the plants. The soils from each farm (12 points sample) were
then mixed to form a composite and packaged in separate Khaki
bags (Paper bags Ltd., Nairobi, Kenya) before transporting to the
International Centre of Insect Physiology and Ecology (icipe) for
analysis and experiments.

2.2 Soil physico-chemical properties

Soil samples collected from various cropping systems as bulk
soil (BS) and sterile soil (S) as described above (Table 1) were
analyzed for micronutrients at Societé Geénerale de Surveillance
(SGS) Kenya Ltd Multi-laboratory, Nairobi, before the onset of the
experiments in the greenhouse. Soil micronutrients including
nitrogen (N), phosphorus (P), sodium (Na), organic carbon (OC),
calcium (Ca), potassium (K), and other soil parameters such as
potential of hydrogen (pH), electrical conductivity (EC) were
measured following the methodology developed by Okalebo et al.
(2002) and Sparks et al. (1996). Soil texture (silt, clay, and sand) and
trace elements such as zinc (Zn), boron (B), cupper (Cu), iron (Fe),
and manganese (Mg) were analyzed through the Bouyoucos
hydrometer method as described by Beretta et al. (2014).

2.3 Plants

Maize seeds (SC Duma 43), a variety commonly cultivated by
small-scale farmers in Western and Eastern Kenya, were obtained
from Simlaw Seeds, Nairobi, Kenya. The seeds were surface
sterilized with 70% ethanol for 30 seconds and rinsed with
distilled water before planting in a sterilized five-liter plastic
container pot (previously sterilized in 70% ethanol) in a
greenhouse (25 + 2°C during the day, 19 + 2°C at night, and L12:
D12 photoperiod) at icipe. Two seeds were planted in each
conditioned soil type (MLI, MMC and S soils) collected from the
farms within 48 h after sample collection. To prevent soil cross-
contamination, precautions such as wearing gloves while handling
soil from different fields, during measurements, and when dealing
with the plant and FAW neonates were taken.

2.4 Insects

Using the protocol described by Onyango and Ochieng’-Odero
(1994), FAW larvae were reared at the Animal Rearing and
Containment Unit (ARCU), icipe Duduville campus on a maize-
based artificial diet and leaves in 1000 mL plastic jar, with their lids
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infused with steel wire for airflow. Optimal conditions for larvae
rearing were 27 + 2°C, 75 = 5% relative humidity (RH), and L12:
D12 photoperiod until they pupated (Mutua et al., 2022). To
develop into adults (moths), pupae were kept in cages measuring
40 x 20 x 20 cm with wet cotton wool to provide moisture, while
matured moths were then transferred to oviposition cages of 80 x 50
x 70 cm. The matured moths were provided with maize plants for
mating and as an oviposition substrate. They were also continuously
provided with a 10% honey solution. To induce egg production,
they were exposed to maize leaves and damp cotton cloth, acting as
a water source. The eggs were collected and placed in plastic
containers to regenerate the colony. One-day-old unfed FAW
neonates were used for the experiments. The neonates were
collected using a fine-camel brush. Second-generation insects
were utilized in all tests. To avoid genetic degradation, laboratory-
reared insects were infused with field-collected insects every two
months to maintain their phenological characteristics.

2.5 Germination of maize seeds

Bulk soils (BS) collected from the various cropping systems
(Table 1) were used to investigate the impact of soil conditioning on
seed germination time and rate. In addition, the S soil was
inoculated with 5% of the BS soils collected from different
cropping systems above to form another type 5% IBS which was
also used for the experiment. The BS and 5% IBS soils (Table 1)
were distributed in plastic container pots (5 L) that were pre-
sterilized with 70% ethanol. Two maize seeds were sown in each pot
and kept in a greenhouse (27 + 2°C, 75 + 5% relative humidity (RH),
and L12:D12). The experiment was replicated four times for each
treatment with four experimental units in each replicate. In total,
384 seeds planted for the experiment. The planted seeds were
watered daily with sterilized distilled water (0.2 L), and the
germination was observed and recorded on daily bases. The time
taken for the seed to germinate was expressed as germination time,
while the germination rate in each treatment was calculated as the
proportion of germinated seed from the total seeds that were
planted. Three days post germination, the weakest seedling in
each pot was thinned out and only one seedling per pot was kept
for the subsequent experiments. At the end, each treatment (each
cropping system in each soil conditioned type) had 16 plants for the
subsequent experiments.

2.6 Plant growth parameters

Maize plant growth parameters including the number of leaves,
stem diameter, plant height, and chlorophyll content for each maize
grown in each soil type were measured weekly for three weeks’
duration (W1, W2 and W3) (Chiriboga et al., 2021). Plant height
was measured using a meter tap from the soil lines to the uppermost
leaf’s arch. The chlorophyll content of the leaves was measured
using a chlorophyll meter (SPAD-502) (Konica Minolta Sensing,
Inc., Japan). Vernier callipers (Toolstream Ltd. BA22 BHZ, United
Kingdom) were used to measure the diameter of the plant stem.
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After 21 days of growth, four plants from each soil type were cut at
the baseline. Thereafter, the soil was removed from the shoots and
roots by washing them with excess water and then dried with a
paper towel. Maize plant biomass was determined by weighing fresh
and dry root and shoot using a weighing balance (Kern & Sohn
GmgH, D-72336 Balingen, Germany).

2.7 Larval feeding assay

A no-choice feeding assay was conducted in the laboratory to
determine FAW leaf feeding on maize plants grown on BS and 5%
IBS soils (Table 1). For each soil type, four maize plants that are
three weeks old were selected. This is the age when maize is highly
preferred and susceptible to FAW (De Lange et al., 2020). For each
plant, leaf discs of 15 mm diameter were removed from the second
youngest fully expanded maize leaf and used for the constitutive
feeding experiment. The leaf disc was placed in a 30 mL transparent
plastic cup (TPC) that was midway filled with technical agar #3
(TA3), to prevent leaf discs from desiccating. Ten unfed FAW
neonates were placed on the leaf disc within the media TPC, sealed
with parafilm to prevent the neonates from escaping (Mutyambai
et al,, 2019), and a slit was made with a sharp scalpel at the cup lid
for air circulation. The neonates were allowed to feed for 24 h, and
thereafter the leaf discs were photographed to assess the area
consumed by the neonates using Image] software (National
Institutes of Health, Bethesda, USA) (Schneider et al., 2012). A
similar experiment was conducted after initial exposure of maize
plant for 24 h (induced assay) with 10 FAW neonates in
a greenhouse.

2.8 Growth and development of
Spodoptera frugiperda larvae

This experiment was conducted to investigate the effects of
maize plants grown on BS and 5% IBS soils (Table 1) on the fitness
performance of FAW neonates under semi-field conditions in a
greenhouse. Ten neonates were placed on a three-week-old
undamaged maize whorl plant using a fine camel-hair brush, and
allowed to feed for 15 days. The plants were placed on metal stands
elevated above the ground and covered with sticky glue to prevent
predators like ants from climbing up the stands. A 0.2 L of sterilized
distilled water was used to water the 5 L pot daily at the base of each
maize plant. After 15 days, larval survival rates, length, weight, and
instar stage of development were recorded from each replicate per
cropping system (Mutua et al, 2022). The experiment was
replicated four times for each soil type.

2.9 Data analyses
All data were subjected to a normality test using Shapiro-Wilk

test. Soil physico-chemical properties, plant growth, larval feeding
and development data obtained from each soil type (Table 1) were
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analyzed using one-way ANOVA. Tukey’s post hoc test was used to
carry out a pairwise comparison for mean separation at o = 0.05.
The germination time data were analyzed using a generalized linear
model (GLM) with Poisson distribution since they were not
normally distributed. A two-sample (unpaired) Student’s t-test
was used to compare constitutive and induced larval feeding for
each soil type. Pearson correlation analysis was used to determine
the relationship between soil physico-chemical properties and plant
growth parameters. The principal component analysis (PCA) was
conducted to determine the relationship between soil physico-
chemical parameters and the different cropping systems. All
analyses were carried out using R (v4.1.2.) statistical software
packages (R Core Team, 2018).

3 Results
3.1 Soil physico-chemical properties

Bulk soils (BS) obtained from different cropping systems (MBB,
MGG, MPP, MCB, MMC) and control (S) soils significantly varied
in their physico-chemical characteristics (Fs 39 = 44.27, P = 0.001;
Fs30 _ 2.610, P = 0.01; F5 50 _ 1.128, P = 0.05; Fs 50 _ 2.708, P = 0.01;
Fs 30 _ 6.132, P, 0.001; Fs 50 _ 2.218, P = 0.01; Fs 50 _ 4.574, P = 0.001;
Fss _ 2.232, P = 0.02; Fs30 _ 2.653, P = 0.01; Fs 30 _ 17.200, P =
0.001; Fsso - 13.600, P = 0.001; Fs _ 2.685, P = 0.01; and
Fs0 _ 3.635, P = 0.01; for pH, EC, K, Ca, Mg, EA, Fe, Cu, N,
OC, clay and silt; Table 2). There were significant differences across
soil physico-chemical parameters in different cropping systems,
except for Na, Mn, Zn, S and sand. We observed that the lowest pH
was recorded on MMC and S soils. Overall, BS soils obtained from
different MLI systems had a higher pH, EC, K, Ca, Mg and Cu soil
parameters compared to MMC and S soil (Table 2).

There is a strong correlation between soil conditioned by MLI
and MMC cropping systems (principal component biplot (PCA)).
A strong positive correlation was observed between soil conditioned
by MBB and MPP on parameters such as S, Na, EC, K, pH, Ca and
Mg (Figure 1). MGG and MCB cropping system correlated
negatively with N, OC, sand and silt. These results indicate that
MLI systems have a significant influence on soil properties, making
them favorable for farm mechanization. In contrast, the MMC
cropping system has no impact on these properties. It’s worth
noting that PCA1 and PCA2, which collectively account for 58.2%
of the total variance, played a vital role in elucidating the
interactions between the selected soil properties (Figure 1).

3.2 Germination rate and time of
maize seeds

3.2.1 Germination rate

SC Duma 43 maize seeds planted in difterent cropping systems
conditioned BS (MMP, MPP, MCB, MGG, MMC and S)
significantly affected seed germination rate (ANOVA: F5 ;5 _ 6.99,
P < 0.001). The germination rate was significantly higher in MPP
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TABLE 2 Physico-chemical characteristics of soil conditioned by different maize-legume intercropping, maize-monoculture cropping systems and the
sterilized soil control.

Nelll Maize-edible legume intercropping systems
parameters
MBB MPP MCB MGG F P
value - value
(5,30)

pH 6.15 + 0.17° 7.45 + 0.25° 595 + 0.17° 6.53 + 0.21¢ 519 +0.11° 4.15 + 0.00° 44.27 <0.001

EC 0.11 + 0.02%° 0.37 +0.16° 0.07 + 0.01* 0.30 + 0.15° 0.06 + 0.01* NA 2,610 >0.01

P 24.48 + 10.64° 4445 + 13.19" 14.15 + 4.09° 4291 + 34.28" 14.43 + 2.16° 3.26 + 0.00° 1.128 >0.05

K 436.38 + 81.74% 569.64 264.46 + 43.01%° 427.73 244.62 186.88 2.708 >0.01
+151.80° +113.52%° +52.82% +0.00°

Na 44.63 + 6.25° 114.51 + 24.45° 43.72 + 7.66° 58.53 + 18.16" 5141 +659°  33.44 + 0.00° 4741 >0.06

Ca 1791.10 2876.61 1340.79 1410.05 889.18 678.32 6.132 <0.001
+ 411.46" + 540.07° +283.24% +167.41%° +173.00%° +0.00*

Mg 302.11 + 6533% | 37141 +6332° | 25214 +6524% | 380.92 + 123.51° | 167.57 + 33.85° 131.86 2218 >0.01
+0.00°

EA 0.43 + 0.10° NA 0.37 + 0.17 NA 0.25 + 0.12* NA 4.574 <0.001

Fe 127.76 + 25.35% 69.63 + 9.84° 89.48 + 6.79° 11213 + 2257° | 10247 + 12.37° 70.58 2232 >0.02
+0.00°

Mn 23312 +51.83°  169.02 + 24.55" | 221.37 + 63.86° 193.40 + 40.61° | 244.83 + 41.14* 175.11 0.556 >0.71
+0.00°

Cu 434 + 1.16° 1.95 + 0.73° 299 + 1.11% 586 + 1.71° 1.73 £ 0.77° 1.59 + 0.00° 2,653 >0.01

Zn 7.09 + 1.78" 3.57 + 0.42° 7.74 + 2.85" 5.64 + 1.62° 6.31 + 2.31% 3.00 + 0.00* 1.122 >0.19

S 12.99 + 2.35° 36.12 + 13.02° 14.24 + 1.65° 21.61 + 11.48" 19.26 + 3.54° 17.90 + 0.00° 1.300 >0.17

N 0.29 + 0.024° 0.16 + 0.02° 0.16 + 0.02° 0.24 + 0.03* 0.19 + 0.02° 0.03 + 0.00* 17.200 <0.001

[ele 3.02 + 0.35° 1.56 + 0.15° 1.64 + 0.15° 241 + 034> 2.06 + 0.27° 0.39 + 0.00* 13.600 <0.001

Clay 28.74 + 3.58%° 21.67 + 1.24° 34.16 + 5.76%° 34.55 + 2.52%° 37.90 + 4.79° 34.95 2.685 >0.01
+0.00°°

Silt 40.82 + 3.08° 21.25 + 3.69%° 24.16 + 5.86™ 30.81 + 5.08% 25.83 + 6.73%° 14.990 3.635 >0.01
+0.00°

Sand 30.44 + 2.85* 57.08 + 4.49° 41.69 + 11.04* 34.64 + 427° 36.27 893" 50.06 + 0.00* 527 >0.06

MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; NA, negligible; pH, potential
of hydrogen; EC, electrical conductivity; P, phosphorus; K, potassium; Na, sodium; Ca, calcium; Mg, magnesium; EA, exchangeable acidity; Mn, manganese; Cu, cupper; S, sulphur; N, nitrogen;
OC, organic carbon; Fe, iron; and Zn, zinc. Different letter indicates significant difference between the different cropping systems soil conditioned types (Mean + SE) (P < 0.05) according to

Tukeys honest significance test (HSD). Significant effects are indicated in bold at P < 0.05.

and MGG soils followed by MBB and MMC soils (Figure 2A).
Similar trends were observed for S soil inoculated with 5% IBS
where the germination rate was significantly higher in MPP and
MGG soils (ANOVE: Fs 5 _ 4.89, P < 0.001) (Figure 2B).

3.2.2 Germination time

The time taken for SC Duma 43 maize seeds to germinate
significantly varied across BS. The germination time was
significantly lower in MBB and MPP soils which was on average
4 days after planting (GLM: x> = 8.98, df = 135, P = 0.01)
(Figure 3A). However, seeds planted in MMC and S soil took on
average 6 days to germinate (Figure 3A). On the other hand, there
was no significant difference in germination time for the seeds
planted in 5% IBS (MPP, MGG, MBB, MMC, MCB) (GLM:
x> = 12.31, df = 143, P = 0.589) (Figure 3B).

Frontiers in Agronomy

3.3 Maize plant growth parameters

3.3.1 Plant height

There were significant differences in plant height for maize
grown in BS and 5% IBS soils during the first week (W1), second
week (W2) and third (W3) weeks after germination (ANOVA:
Fs1s _ 33.77, P < 0.001), (ANOVA: Fg 5 _ 21.37, P < 0.001) and
(ANOVA: F5 15 - 33.77, P < 0.001), respectively (Figure 4). Among
BS soils, maize planted in MCB soil were significantly higher in W1
and W2 after germination, compared to other soils (S, MMC, MBB,
and MGG). However, during W3, the height of maize plants grown
in MPP soil was significantly higher at =~ 35 cm, followed by MCB
and MBB soils (P < 0.001). Plant height in S, MMC and MMG soils
were relatively similar and shorter across W3 duration. We
observed similar trends in 5% IBS soils. In W1, the plant height
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FIGURE 1

Principal component biplot, for the relationship between soil physico-chemical properties of different cropping systems soil conditioned. Principal
components 1 = PCAL and principal components 2 = PCA2. MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG,
maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; pH, potential of hydrogen; EC, electrical conductivity; P, phosphorus;
K, potassium; Na, sodium; Ca, calcium; Mg, magnesium; EA, exchangeable acidity; Mn, manganese; Cu, cupper; S, sulphur; N, nitrogen; OC, organic

carbon; Fe, iron; and Zn, zinc.

was significantly higher in MCB followed by MPP soil, while it was
lowest in MGG and S soil (P < 0.001). During W2, the plants were
significantly taller in MPP followed by MCB and then MBB soils.
Although plants in MGG soil were short during the first two weeks,
they reached = 30 cm in W3, accounting for the tallest level across
the 5% IBS soils. Indeed, the plants in S soil were shorter across the
three weeks regardless of soil type (BS and 5% IBS) or cropping
system (Figure 4).
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3.3.2 Plant diameter

There were significant differences in maize plant diameter
between maize plants grown in BS and 5% IBS soils during W1,
W2 and W3 after germination (ANOVA: Fs ;5 - 33.77, P < 0.001),
(ANOVA: Fs 15 _ 21.37, P < 0.001) and (ANOVA: Fs,15 _ 33.77, P <
0.001), respectively (Figure 5). In BS, maize plant diameter was
significantly wider (P < 0.001) for plants grown in MPP compared
to MGG, S, and MMC soils during W1. In W2, the diameter of

aMGG msMBB oMMC oS mMCB

a

a

A Bulk Soil

B 5% Inculated Soil

Soil types

FIGURE 2

Mean (% + SE) germination rate of SC Duma 43 maize seeds planted in soil conditioned by different cropping systems. (A) Bulk soils (BS) collected
from smallholder farms with different cropping systems; MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG, maize
green gram intercropping; MMC, maize-monocultures; S, sterilized soil; (B), sterile soil inoculated with 5% soil conditioned by different BS cropping
systems (5% IBS). Different letters above the bars indicate a significant difference (P < 0.05) between the means. N = 384 plants.
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FIGURE 3

Germination time (in days) (Mean + SE) taken by SC Duma 43 maize seeds grown in soils conditioned by different cropping systems. (A) Bulk soils
(BS) collected from smallholder farms with different cropping systems; MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean;
MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; (B), sterile soil inoculated with 5% soil conditioned by different
BS cropping systems (5% IBS). Different letters above the bars indicate a significant difference (P < 0.05) between the means. N = 384 plants.

maize plants grown in MPP soil was statistically different from
those grown in MMC, MBB and S (P < 0.001) soils. In W3, the
diameter of maize plants grown in MBB soil was significantly wider
compared to the diameters of plants grown in MMC, MGG and S
soils (P < 0.001). We observed similar trends when the experiment
was set in 5% IBS soil. The diameter of maize plants grown in 5%
inoculated soil by MCB soil was significantly higher than plants
grown in S soil (P < 0.001), but MCB was not significantly different
from maize plant diameters grown in S soil inoculated with 5% of
MGG, MBB, and MPP soils during W1 after germination (P < 0.05).
During W2 and W3, there were no significant differences between
maize plant diameters grown in all 5% IBS soils (P < 0.05, Figure 5).

3.3.3 Number of maize leaves

There were significant differences in the number of maize leaves
of plants grown in BS and 5% IBS soils during W1, W2 and W3
after germination (ANOVA; Fs 15 - 33.77, P < 0.001), (ANOVA:
Fs,s _ 21.37, P < 0.001) and (ANOVA: Fs 5 _ 33.77, P < 0.001),
respectively (Figure 6). During W1 of BS soils, the number of leaves
per plant was significantly higher for plants grown in MCB and
MBB soils compared to the other soil types (P < 0.001). A similar
trend was observed among the BS soils in W2 after germination
where the number of leaves was significantly higher in MPP, MBB
and MCB soil types. During W3, the number of leaves of maize
plants grown in MPP soils was significantly different from MGG,
MMC, MCB and S soils (P < 0.001). We observed similar trends
with experiment with soils inoculated with 5% IBS, where the
number of leaves was significantly higher in sterile soil inoculated
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with 5% different soil types (MCB, MBB, and MPP) in W1, W2 and
W3 respectively after germination (P < 0.001). However, the
number of leaves was lowest in plants grown in S soil inoculated
with 5% of MMC, MGG and S soils, regardless of the weeks after
germination (Figure 6).

3.3.4 Leaf chlorophyll content

The leaf chlorophyll content of maize plants grown in BS and
5% IBS soils were significantly different in W1, W2 and W3 after
germination (ANOVA: Fs,3 - 27.05, P < 0.001), (ANOVA:
Fs1s - 19.64, P < 0.001) and (ANOVA: Fs 5 _ 47.55, P < 0.001),
respectively (Figure 7). Among soil conditioned by BS, the
chlorophyll content throughout the experimental period was
higher on the leaves of maize plants grown in MBB, MPP and
MCB soil types (P < 0.001). However, chlorophyll content on the
leaves from MGG, MMC and S soil types, were the lowest, during all
the weeks after germination. Similar trend was observed for a plant
grown in 5% IBS soils, where chlorophyll content was higher in
sterile 5% soil (MBB, MPP, MCB and MGG soils) during the three
weeks of the experiment. Indeed, chlorophyll content was lowest in
MMC and S soil regardless of soil type (BS and 5% IBS) or duration
of the plant after germination (W1, W2, and W3) (Figure 7).

3.3.5 Plant biomass

Shoot fresh (SFW) and dry weight (SDW) of maize plants
grown in BS and sterilized soils were significantly different
(ANOVA: Fs 5 _ 33.77, P < 0.001) and (ANOVA: Fs 5 _ 21.37, P
< 0.001), respectively (Table 3). Plants grown in MPP and MCB
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FIGURE 4

Maize plant height (cm) (Mean + SE) in first (W1), second (W2), and third (W3) weeks for plants grown in soils conditioned by different cropping
systems. Bulk soils (BS) collected from smallholder farms with different cropping systems with MBB, maize black bean; MPP, maize pigeon pea; MCB,
maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; (5% IBS), sterile soil inoculated with 5%
soil conditioned by different cropping systems. Different letters above the bars in each week (W1, W2, W3) for each soil's conditioned cropping
system type (BS and 5% IBS) indicate a significant difference (P < 0.05) between the treatments. N = 384 plants.

soils recorded the highest SFW and SDW when compared to MBB,
MGG, MMC and S soils. Similarly, the highest root fresh (RFW)
and dry weight (RDW) was recorded for plants grown in MPP and
MCB soils, compared to other soil types (ANOVA: Fs 15 - 12.92, P <
0.001) and (ANOVA: Fs ;5 - 28.64, P < 0.001). We observed similar
trends when the above experiment was conducted in 5% IBS (MBB,
MPP, MCB, MGG and MMC soils, Table 3).

3.3.6 Correlation between maize plant biomass
and soil physico-chemical parameters

We found a negative correlation between pH in BS and plant
biomass (SFW, RED, SDW and RDW). This correlation was strong
with a significant correlation coefficient (r) ranging between -0.65
and -0.77 for SFW, SDW and RDW (P < 0.05, Table 4). The SFW,
SDW, RFW and RDW were significantly and positively correlated
with EA in BS soils, with r ranging between 0.62 and 0.69. However,
the correlation between plant biomass and P, K, Mg, N, OC, Fe and
Zn in BS was weak and not significant. For maize grown in 5% IBS
soils, a similar trend as above was observed where soil pH negatively
correlated with plant biomass (Table 4). In addition, Na and Ca in
5% IBS soil had a moderate negative correlation with plant biomass,
but the correlation was not significant (Table 4).
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3.3.7 Correlation between maize plant growth
and soil physico-chemical parameters

The pH in BS soils had a strong negative correlation with leaf
number (NL), leaf chlorophyll content (CC), plant diameter (PD) and
plant height (PH) (P < 0.05) (Table 5). However, other parameters of
BS had a weak correlation with plant growth parameters except, EA
which had a moderate positive and negative significant correlation
with NL. Similar correlation trends were observed when maize plants
grown in 5% IBS (Table 5). However, all correlation coefficients
between plant growth parameters and 5% IBS soil parameters were
not significant (Table 5).

3.4 Spodoptera frugiperda larval feeding

A comparison of leaf discs consumed area between different soil
types (MMC, S, MBB, MPP, MCB and MGQG) is illustrated in
Figure 8. A significant difference was detected in leaf consumed area
of constitutive and induced leaf disc plants grown in BS soils
(Fs515 = 19.58, P < 0.001); (Fs;5 = 2 3.8, P < 0.001, respectively)
(Figure 8). For plants grown in BS soils, there was increased
consumption in leaf disc of plant grown in MMC and S soil in
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Diameter (cm) (Mean + SE) of maize plants in the first (W1), second (W2), and third (W3) weeks for plants grown in soil conditioned by different
cropping systems. Bulk soil (BS) collected from smallholder farms with different cropping systems; MBB, maize black bean; MPP, maize pigeon pea;
MCB, maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; S soil inoculated with 5% soil
conditioned by different cropping systems (5% IBS). Different letters above the bars in each week (W1, W2, W3) for each soil conditioned type (BS
and 5% IBS) indicates a significant difference (P < 0.05) between the treatment. N = 384 plants.
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FIGURE 6

Number of maize plant leaves (Mean + SE) in first (W1), second (W2), and third (W3) weeks for plants grown in soil conditioned by different cropping
systems. Bulk soil (BS) collected from smallholder farms with different cropping systems; MBB, maize black bean; MPP, maize pigeon pea; MCB,
maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; S soil inoculated with 5% soil
conditioned by different cropping systems (5% IBS). Different letters above the bars in each week (W1, W2, W3) for each soil conditioned type (BS
and 5% IBS) indicate a significant difference (P < 0.05) between the treatments. N = 384 plants.
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FIGURE 7

Leaf chlorophyll (Mean + SE) content of maize plant in first (W1), second (W2), and third (W3) weeks for plants grown in soil conditioned by different
cropping systems. Bulk soils (BS) collected from smallholder farms with different cropping systems; MBB, maize black bean; MPP, maize pigeon pea;
MCB, maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; S soil inoculated with 5% soil
conditioned by different cropping systems (5% IBS). Different letters above the bars in each week (W1, W2, W3) for each soil conditioned type (BS
and 5% IBS) indicate a significant difference (P < 0.05) between the treatments. N = 384 plants.

both constitutive and induced assay. Similar results were obtained
when the experiment was conducted with a plant grown in 5% IBS.
Consumption by FAW neonates was higher in leaf discs of plants
grown in 5% IBS conditioned by MMC soil type (Figure 8).

Comparison between constitutive and induced feeding assay for
each different cropping system in each soil type is presented in
Figure 9. Overall, the disc consumed area by FAW neonates was
significantly higher in constitutive feeding assay, compared to
induced feeding assay irrespective of soils types (both BS and 5%
IBS soils).

3.5 Spodoptera frugiperda larval growth
and development

There were significant differences in FAW larval weight (FLW)
when neonates were exposed for 15 days in the greenhouse on
maize plants grown in BS soil types (Fs;3 - 14.58, P < 0.001)
(Table 6). Fall armyworm larval weight of MCB, MPP and MBB soil
was less compared to those grown in MMC, S and MGG soils (P <
0.001). FAW larval lengths (FLL) were also significantly different
across BS soils (Fs ;g - 16.12, P < 0.001). The smallest FAW larvae
length (FLL) was observed in MBB and MCB soils. Moreover, there
were significant differences in FAW larval instar (FLI) across BS
soils (Fs ;5 = 27.36, P < 0.001). The survival rates of FAW larvae
number (FLN) on maize plants grown in BS soil types were
significantly higher in S, MGG and MMC cropping systems
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(Fs18 = 33.53 P < 0.001) (Table 6). Similar results as above were
obtained when the experiment was conducted in 5% IBS (Table 6).

4 Discussion

We showed here that maize-legume intercropping system’s soil
legacies positively impact seed germination, maize plant growth,
soil physico-chemical properties, health, and FAW resistance by
reducing larval feeding on maize plants constitutively and when
feeding is induced. Thus, our findings bring to fore an additional
pest-regulating effect of MLI systems on the widespread maize pest
FAW which is novel to SSA. Notably, in this case, plant-soil
feedback effects on maize-plant performance not only reduce
FAW feeding but also mediate the enhancement of soil fertility,
thus improving maize plant growth. Through this different larval
feeding, MLI systems affect insect pest pressure. The findings here
suggest a significant mechanism that involves feedback of maize-
legume intercropping system-mediated pest resistance that is
facilitated by soil conditioning.

There is a body of literature which indicates that prior
vegetation contributes significantly to soil properties and
communities, with a cascading effect on successive crops (Kaplan
et al., 2018). The physico-chemical properties of soil can enhance
plant growth by providing significant micronutrients (Agegnehu
et al., 2016; Van der Putten et al., 2016; Pervaiz et al., 2020). We
observed that the increased levels of certain soil micronutrients (pH,
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TABLE 3 Maize plant biomass after three weeks of germination for plants grown in soil conditioned by different maize-edible legume intercropping,
maize-monoculture cropping systems and sterilized soil.

Cropping systems  Soil types Maize plant biomass (g)
Shoot fresh weight Shoot dry weight  Root fresh weight = Root dry weight
MBB BS 22,96 + 102 3.63 = 0.16" 16.45 + 2.43° 2.11 + 031
5% IBS 17.56 + 2.55° 2.50 + 0.27° 8.71 + 294> 0.74 + 0.21°
MPP BS 42,99 + 2.22° 7.30 + 0.92° 27.56 + 1.78" 410 + 0.41°
5% IBS 2551 + 1.49% 4.03 +0.38° 24.88 + 1.56° 2,61 +0.18°
MCB BS 40.71 + 2.75° 7.24 + 0.65° 21.08 + 1.08% 358 + 0.11°
5% IBS 28.29 + 0.65° 3.80 + 0.54° 17.57 + 2.68% 2.86 + 0.39°
MGG BS 28.83 +2.91° 434 +0.77° 1831 + 2.51° 230 +0.23"
5% IBS 2411 + 138" 3.14 + 033" 23.09 + 1.66° 2.20 £ 0.19°
MMC BS 13.43 + 1.49° 1.90 + 0.23% 13.35 + 1.55™ 111 +0.23
5% IBS 8.70 + 1.34° 1.30 + 0.17> 433 + 1.09° 0.33 + 0.05"
S BS 8.93 +3.21¢ 0.84 + 0.28° 6.82 + 1.99° 0.52 + 0.14°
5% IBS 8.93.21< 0.84 + 0.28° 6.82 + 1.99° 0.52 + 0.14°
F-value BS 33.77 2137 12.92 28.64
5% IBS 18.88 14.28 17.7 2755
Df BS/5% IBS 5,18 5,18 5,18 5,18
P-value BS <0.001 <0.001 <0.001 <0.001
5% IBS <0.001 <0.001 <0.001 <0.001

MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG, maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil. Different letters across the

columns indicate a significant difference (P < 0.05) according to Tukeys honest significance test (HSD). Significant effects are indicated in bold at P < 0.05.

TABLE 4 Correlation between maize plant biomass (plant grown in bulk conditioned soil) (in gram) and soil physico-chemical properties.

Soil parameters

Soil types

Shoot fresh weight

Plant growth biomass (g)

Shoot dry weight

Root fresh weight

Root dry weight

pH BS -0.71* -0.72%* -0.65 -0.77*%*
5% IBS -0.63 -0.72%* -0.67* -0.65
EC BS -0.41 -0.43 -0.23 -0.34
5% IBS -0.34 -0.34 -0.38 -0.27
P BS -0.26 -0.33 -0.31 -0.33
5% IBS -0.28 -0.44 -0.32 -0.25
K BS -0.24 -0.29 -0.19 -0.20
5% IBS -0.25 -0.23 -0.18 -0.19
Na BS -0.49 -0.54 -0.38 -0.51
5% IBS -0.54 -0.58 -0.58 -0.60
Ca BS -0.51 -0.46 -0.43 -0.49
5% IBS -0.59 -0.56 -0.52 -0.52
Mg BS -0.18 -0.23 -0.03 -0.18
5% IBS -0.17 -0.08 -0.09 -0.22

(Continued)
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TABLE 4 Continued

Soil parameters  Soil types Plant growth biomass (g)

Shoot fresh weight  Shoot dry weight Root fresh weight Root dry weight

EA BS 0.62 0.66* 0.64* 0.69
5% IBS 0.47 0.53 0.51 0.54
N BS 0.10 -0.07 0.22 0.04
5% IBS 0.09 0.24 0.26 0.11
oC BS 0.13 NA 0.24 0.11
5% IBS 0.12 0.31 0.33 0.16
Fe BS 0.03 0.02 0.02 0.01
5% IBS -0.02 -0.79 0.18 0.05
Zn BS 0.32 0.29 0.31 0.41
5% IBS 0.32 0.50 0.47 0.52

Significance different: *<0.05; *¥<0.01; ***<0.001.
NA negligible, pH, potential of hydrogen; EC, electrical conductivity; P, phosphorus; K, potassium; Na, sodium; Ca, calcium; Mg, magnesium; EA, Exchangeable acidity; N, nitrogen; OC, organic
carbon; Fe, iron; and Zn, zinc.

TABLE 5 Correlation between maize plant growth parameters in bulk soils conditioned and soil physico-chemical properties.

Soil parameters = Soil types Plant growth parameters

Number of leaves = Plant diameter (cm) Leaf chlorophyll content = Plant height (cm)

pH BS -0.69* -0.63* -0.69 -0.71*
5% IBS -0.63 -0.26 -0.61 -0.22
EC BS -0.19 -0.63 -0.20 -0.24
5% IBS -0.27 -0.11 -0.26 -0.19
P BS -0.37 -0.25 -0.29 -0.24
5% IBS -0.34 -0.37 -0.39 -0.28
K BS -0.16 -0.29 -0.19 -0.17
5% IBS -0.19 -0.23 -0.29 -0.11
Na BS -0.39 -0.17 -0.46 -0.48
5% IBS -0.44 -0.31 -0.55 -0.24
Ca BS -0.36 -0.48 -0.49 -0.37
5% IBS -0.35 -0.18 -0.48 -0.23
Mg BS -0.34 -0.37 -0.41 -0.45
5% IBS -0.29 0.08 -0.14 0.15
EA BS 0.66* -0.45 0.51 0.33%*
5% IBS 0.47 -0.09 0.22 -0.06
N BS 0.04 0.33 -0.03 -0.05
5% IBS 0.01 -0.06 -0.17 0.02
oC BS 0.16 -0.05 0.11 0.12
5% IBS 0.12 0.06 -0.04 0.03
(Continued)
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TABLE 5 Continued

Soil parameters = Soil types Plant growth parameters

Number of leaves Plant diameter (cm)

Leaf chlorophyll content

Plant height (cm)

Fe BS -0.12 0.12 -0.06 0.2
5% IBS -0.15 -0.08 -0.15 -0.21

Zn BS 0.37 0.26 0.19 0.09
5% IBS 0.43 NA 0.13 0.18

Significance different: *<0.05; **<0.01; ***<0.001.
pH, potential of hydrogen; EC, electrical conductivity; P, phosphorus; K, potassium; Na, sodium; Ca, calcium; Mg, magnesium; EA, exchangeable acidity; N, nitrogen; OC, organic carbon; Fe,

iron; and Zn, zinc.

N, OC, P and Zn) can significantly improve maize growth and
biomass. Soil OC levels serve as a reliable indicator for soil, plant
health and yield (Li et al., 2020; Ndayisaba et al., 2022). Our study
found that soil conditioned by MLI systems had higher OC levels
than soil conditioned by MMC and S systems. Furthermore, most
rhizosphere samples from conditioned soil by MLI systems
exhibited high levels of pH, N, K, and P, while soil conditioned
by MMC and S systems had a pH below 5.5. Studies have shown
that a pH below 5.5 can be detrimental to agroecosystems because it
negatively affects plant growth and environment interactions
(Wahome et al,, 2023), indicating that the soil pH in MMC and S
poses a significant threat to farming systems (Delgado and Gomez,
2016). This finding corresponds with the effect of multiple cropping
systems on soil characteristics such as pH, OC, P, and N compared
to monoculture (Chen et al., 2021; Chen et al., 2022). Other
intercropping systems, like push-pull technology and various soil-
preserving methods, have been proven to enhance soil function and
fertility by increasing soil OC levels and enhancing the availability
of N and P (Ndayisaba et al., 2020; Drinkwater et al., 2021;
Ndayisaba et al, 2022). Our findings support the general

prediction that crop diversification can have a profound impact
on many soil properties (Ndayisaba et al., 2020; Chen et al., 2021;
Ndayisaba et al., 2022).

Eyheraguibel et al., 2008, reported that maize seeds germinate
between four to ten days approximately. Hence, this germination
period boosts maize plant growth and production (Wimalasekera,
2015). One of the best strategies to promote seed germination is to
soak or imbibe the seeds in water for hours before planting (Ashraf
& Foolad, 2005; Dezfuli et al., 2008; Ahmed et al., 2018). In our
study we observed that the germination rate and time of SC Duma
43 maize seeds planted in soil conditioned by MLI systems
germinated faster than those planted in soil conditioned by MMC
and S soils.

Generally, there is a common consensus that intercropping
systems are essential for maintaining optimum ecosystem
functioning, thereby strengthening agricultural practices in
environmental dynamics (Picasso et al, 2008; Harrison and
Bardgett, 2010; Ndayisaba et al, 2022). However, disentangling
the cropping system significantly affects biomass accumulation, and
plant quality remains superficial. We expected that maize plants’
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Mean ( + SE) of maize leaf disc fed by Spodoptera frugiperda neonates. (BS) Bulk soil, soil conditioned by different cropping systems collected from
smallholder farms; MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG, maize green gram intercropping; MMC,
maize-monocultures; S, sterilized soil; S soil inoculated with 5% soil conditioned by different cropping systems (5% IBS). Different capital letter above
the error bars indicates significantly different across the different cropping systems soil conditioned types (P < 0.05).
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FIGURE 9

Comparison of leaf disc (Students T-test (Mean + SE)) fed by Spodoptera frugiperda neonates through constitutive against induced feeding. Bulk soil, soils
conditioned by different cropping systems from smallholder farms; MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG,
maize green gram intercropping; MMC, maize-monocultures; S, sterilized soil; S soil inoculated with 5% soil conditioned by different cropping systems (5%
IBS). Different capital letter above the error bars indicates significantly different across the different cropping systems soil conditioned types (P < 0.05).

TABLE 6 Effects of soil conditioned by different cropping systems on Spodoptera frugiperda larval growth and development on bulk soil.

Cropping Soil Fall armyworm larvae Fall armyworm Fall armyworm Fall armyworm
systems types weight (g) length (cm) larvae instar larvae number
MBB BS 0.08 + 0.03* 126 +0.12" 2.40 + 0.25° 2.25 +0.75°

5% IBS 0.08 + 0.0° 147 + 0.19° 3.38 + 038" 3253 + 491°
MPP BS 0.03 +0.01¢ 1.17 + 0.04* 2.3 +0.17° 1.50 + 0.29°
5% IBS 0.04 + 0.01° 122 +0.17" 2.68 + 0.19° 43.49 + 369"
MCB BS 0.04 + 0.01° 1.27 +0.15" 275 + 0.14% 225 +0.25°
5% IBS 0.04 + 0.03" 1.18 + 0.13¢ 2.59 + 0.16° 42,12 + 1.67°
MGG BS 0.12 + 0.01*° 1.65 + 0.05" 3.15 +0.15° 6.00 + 0.41*
5% IBS 0.09 + 0.02* 1.88 +0.22% 3.66 + 0.24° 47.95 + 3.77%
S BS 0.18 + 0.01* 2.12 +0.01° 4.85 + 0.09° 7.50 + 0.50°
5% IBS 0.16 + 0.01° 2.05 + 0.018° 4.26 + 0.09%° 5845 + 1.6
MMC BS 0.17 + 0.001* 2.02 +0.04* 440 +0.14° 6.25 + 0.25°
5% IBS 0.18 + 0.01* 2.12 +0.01° 4.85 + 0.09° 6027 + 3.17*
F-value BS 14.58 16.12 27.36 3353
5% IBS 15.17 8.177 17.07 10.42
Df BS/ 5,18 5,18 5,18 5,18
5% IBS
P-value BS <0.001 <0.001 <0.001 <0.001
5% IBS <<0.001 <0.001 <0.001 <0.001

MBB, maize black bean; MPP, maize pigeon pea; MCB, maize common bean; MGG, maize green gram; S, sterilized soil; MMC, maize-monoculture. Different letters across the columns indicate a
significant difference (P < 0.05) according to Tukeys honest significance test (HSD). “Significant effects are indicated in bold at P < 0.05.”
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above-ground and below-ground biomasses were higher in soil
conditioned by MLI systems compared to MMC and S measured in
this current study. Different cropping systems positively impact soil
fertility, increasing plant biomass accumulation and crop
production (Wardle et al., 2003; Picasso et al., 2008). This study
examined four plant parameters, including plant height, diameter,
number of leaves, and leaf chlorophyll concentration, as growth
parameters altered by soil conditioned by different cropping
systems. These growth parameters in soil conditioned by MLI
systems were higher compared to soil conditioned by MMC and
S. These phenomena were partly linked with improved soil fertility
of soil conditioned by different cropping systems allowing plants to
grow faster and healthier compared to MMC and S conditioned soil.
These findings concurred with recent studies where cropping
systems, such as push-pull technology, mixed grassland, and
forage, improved plant growth (Loreau et al, 2001; Sanderson
et al., 2004; Harrison and Bardgett, 2010; Mutyambai et al., 2019).
Therefore, farmers are encouraged to practice different
intercropping systems to improve soil fertility, plant quality, and
subsequent crop production. Interestingly, the enhanced growth of
maize plants in soil conditioned by MLI systems is linked to a
substantial rise in their expression of direct and indirect resistance
by reducing larval feeding on maize plants.

Unravelling key mechanisms driving interactions between
farming practices and anti-herbivory has remained challenging, as
most studies focused on the effects of soil properties on plants’
physical attributes (Harrison and Bardgett, 2010; Wang et al., 2021;
Davidson-Lowe et al, 2021). Here, in addition to the impact of
cropping systems on the physical properties of plants, we
investigated how MLI systems play a role in deterring herbivory.
Generally, plant growth and insect resistance are often negatively
correlated (Stamp, 2003) with growth matching plant quality and
metabolism, thus defense and growth trade-offs. Given that plants
can protect themselves against herbivory through induce and
constitutive defense mechanisms (Chuang et al., 2014; Acevedo
et al., 2019), plants are unpalatable for herbivore feeding (Karban,
2011). Larval feeding assays in this study demonstrated significant
differences in the consumed area by FAW neonates in soil
conditioned by MLI systems compared to MMC and S systems. It
showed that FAW consumed less leaf disc tissue from soil
conditioned by MLI systems while consuming more in the MMC
system and S soil plant. Feeding by FAW adversely affects
subsequent herbivory (Mutua et al., 2022), thus the differences in
larval feeding observed here could be attributed to the levels of
defense in soil conditioned by MLI systems. However, defense genes
and secondary metabolites in different cropping systems can be
constitutively or induced by herbivory, and such mechanisms can
provide a clear explanation of the observed phenomenon (Makgoba
et al.,, 2021).

Infestation of FAW neonates on maize plants for 15 days revealed
that their larval growth and development, instars, and survival
differed significantly across the different soil conditions by MLI
systems. In soil conditioned by MLI systems, the FAW larvae
attained reduced growth indices in FAW larvae weight (FLL), FAW
larvae length (FLL), FAW larvae instar; (FLN), and FAW larvae
number (FLN) compared to MMC and S systems. Although the
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underlying mechanisms of these observed behavioural responses
were beyond the scope of this study, previous studies have shown
changes in defense metabolite profiles and reduced larval feeding in
maize plants grown in soil conditioned by maize-Desmodium
intercropping (Mutyambai et al., 2019). Similar mechanisms could
be the behind the observed responses and are currently under
investigation in a separate study. Reduction in survival and growth
indices are indicators of poor insect performance and the negative
effects of plant defense on insect herbivores (Karban, 2011; Gordy
et al,, 2015; Kaplan et al,, 2018). Our findings demonstrated that the
MLI systems negatively affected herbivory by affecting behavior and
population dynamics throughout the colonization, establishment,
and population development phases of infestation. It has been
shown that changing cropping systems and diversifying agricultural
practices can decrease the prevalence and harm caused by insect pests
(Midega et al., 2018; De Groote et al,, 2020; Guera et al., 2021;
Mutyambai et al., 2022). This study has demonstrated that there is a
reduction in FAW feeding in maize plants grown in soil conditioned
by different MLI systems compared to soil conditioned by MMC and
S, thereby reducing the damage and increasing maize plant biomass.
We postulate that changes in the soil physico-chemical properties
could have affected the morphological and chemistry of the maize
plant resulting to the observed responses. Indeed, maize has been
shown to exhibit changes in metabolism in favour of known defense
metabolites like phenolics and benzoxazinoids when grown in soil
conditioned by different cropping systems (Mutyambai et al., 2019).
These findings, establish the resilience of MLI systems in its
functionality against the invasive FAW pest. Therefore, it paves the
way for integrating intercropping systems in IPM strategies to
manage FAW infestation. As such, farmers need to avoid planting
the same crops in successive years and adopt the use of intercropping
systems and crop rotation, as shown in this study to reduce insect-
pest build-up and improve soil health. Plant-soil feedback can govern
both positive and negative feedback since they are intimately linked to
agricultural systems. Utilizing the potential for plant resistance in the
soil left over from previous farming practices might be crucial for
long-term integrated insect pest control and production
enhancement (Kaplan et al., 2018; Davidson-Lowe et al., 2021).

5 Conclusions

Our findings showed that maize-edible legume intercropping
systems remarkably improved soil health by altering physico-
chemical characteristics. Besides, we found significant differences
in the impacts of various MLI systems on plant biomass. Maize-
edible legume soil legacies enhanced maize’s direct resistance to
FAW damage. Soils from MLI systems significantly reduced FAW
larval feeding and development on maize plants, therefore serving
as controlling mechanisms. Though beyond the scope of the current
study, underpinning mechanisms behind the observed responses in
herbivore pest mainly plant changes in structure and chemistry
should be the focus of the follow up study. These findings encourage
the identification of optimal maize-legume combinations with
overall positive interaction effects. Adopting such sustainable
FAW control options through a farming system approach and
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taking into account potential trade-offs requires an understanding
of current smallholder agronomic management strategies and
livelihood factors, as well as how these factors are likely to
interact for optimal performance. There is need for future studies
to examine the combined effects of intercropping, soil resources,
secondary metabolites and genes, and soil microbes on fall
armyworm feeding behaviour. Lastly, we need to encourage and
train small-scale farmers to adopt these intercropping practices.
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