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Editorial on the Research Topic

Integration of legume intercropping into sustainable farming systems
for nitrogen fixation, soil health, and climate resilience

1 Introduction

Soil health describes a soil’s capacity to function within its ecological boundaries—
supporting plant growth, sustaining water and air quality, and maintaining robust
microbial and animal life. It’s critical to ecosystem’s ability to deliver services such as
food production, nutrient cycling, carbon storage, and biodiversity support (Pinto et al.,
2017). Unfortunately, converting native landscapes into monocultures and relying heavily
on synthetic fertilizers depletes soil organic matter, damages microbial communities, and
lowers water retention, weakening these essential services.

The incorporation of legumes in various cropping systems holds immense potential
for addressing numerous challenges in modern agriculture, from improving soil health
to enhancing crop yields and combating climate change. As biologically nitrogen-fixing
crops, legumes naturally enrich the soil and reduce dependence on chemical fertilizers.
They also enhance soil structure, promote microbial life, suppress insect pests and
weeds, improve water use efficiency (Kokkini et al;; Akchaya et al; Rajpoot et al., 2016),
improve crop nutritional quality and production sustainability (Nuemsi et al., 2018). These
“service crops” align with the economic, social, and environmental goals of sustainable
agriculture. Despite its potential, the adoption of legume intercropping remains limited
by the lack of suitable adaptation strategies across various climates and socio-economic
contexts (Akchaya et al.). Practical agronomic recommendations, such as optimal spacing,
sowing methods, and management based on local conditions, are still emerging as
research advances.
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This Research Topic aimed to address these needs by compiling
high-quality contributions provided by individual studies and
reviews on the subject of legume intercropping and its role
in sustainable agricultural practices. These works focus on: (i)
Nutrient cycling and nitrogen fixation, human-centered ecosystem
services, (ii) Soil quality and physico-chemical properties, (iii) Crop
productivity and resilience, (iv) Microbial and pest interactions,
and (v) Resource use efficiency and climate adaptation.

2 This Research Topic

This collection brings together nine insightful contributions
that explore the ecological and agronomic roles of legume
intercropping across diverse farming systems, from rice-fallows in
India to maize-peanut fields and high-altitude grasslands.

Greening rice-fallow systems: Kumar et al. reviewed the
potential of integrating pulses (e.g., chickpea, lentil) and oilseeds
(mustard, safflower) into post-rainy fallow lands in eastern
India. They emphasize that deploying short-duration, low-
water-demand crops on the 11-12 million hectares of rice-
fallow lands can significantly boost land-use efficiency, enhance
system productivity, and support smallholder livelihoods with
clear policy implications for sustainable intensification. Legume
Intercropping and Ecosystem Services: Kolkini et al. presented
a compelling mini-review on how legumes improve ecosystem
services. The authors highlighted that intercropping legumes
contributes to improved soil structure, enhanced microbial
biodiversity, superior water retention, natural pest suppression,
pollination, and biodiversity support, along with various human-
centered services such as disease prevention, reduced risk of
malnutrition, and food security, showcasing the deep ecological
benefits these crops support.

Alkchaya et al. systematically evaluated the role of legume-based
intercropping in enhancing soil fertility, resource use efficiency
(land, water, and nutrients), and climate resilience. Their study
reported nitrogen fixation rates ranging from 50 to 300 kg N ha~!
year™!, alongside improvements in nutrient and water efficiency
and overall yield advantages. These benefits were attributed to
ecological mechanisms such as bio-littering, bio-plowing, bio-
irrigation, and bio-pumping, which contribute to better nutrient
cycling, soil conservation, and agroecosystem stability. However,
the authors also noted challenges related to the complexity of
managing multiple crops simultaneously.

Soybean rhizosphere microbiome: Han et al. explored how
different soybean genotypes shaped the assembly of rhizosphere
microbes and their subsequent influence on yield traits. They
reported that the M579 genotype exhibited the highest bacterial
alpha diversity. Their findings underscore the importance of
cultivar selection in maximizing beneficial microbiome interactions
correlating with yield. Maize-Peanut Strip Width Optimization:
Sun et al. analyzed strip spacing in maize-peanut systems,
demonstrating that four rows of peanut and four rows of maize
(row spacing of 50 cm) maintained the highest water use efficiency
significantly, influencing the edge effects of rainfall-redistribution,
improving crop and land productivity. Summer legume residual
effects: Sunil Kumar et al. investigated the residual impacts of
summer legumes on kharif rice. They found that such rotations
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enhance nutrient availability and efficiency for the following rice
crop, underscoring the value of thoughtful cropping sequence
design. Rice Fallow Sowing Strategies: Jaya Singh et al. examined
seed rates and timing in machine-harvested rice fallows, finding
that a 20% increase in seed rate resulted in higher grain yield
and straw yield among the blackgram treatments, showing tailored
sowing approaches improve crop establishment and yield potential
in these challenging environments.

High-altitude legume-grass nitrogen fixation: Luo et al.
demonstrated that mixtures of legumes and grasses enhance
nodulation and nitrogen transfer, root system configuration
bolstering system productivity under low-temperature stress. Soil
legacy effects on maize: Jalloh et al. revealed that previous edible
legume intercropping can reduce Spodoptera frugiperda damage in
subsequent maize crops, highlighting how soil history influences
pest dynamics and crop resilience.

3 Concluding remarks/future
directions

The studies compiled in this Research Topic underscore
the diverse and essential ecosystem services offered by legumes
when integrated into intercropping systems. From enhancing
nutrient cycling and biological nitrogen fixation to improving
soil structure, microbial activity, and crop resilience, legumes
consistently demonstrate their potential as cornerstone crops
in sustainable agriculture. The success of legume intercropping
depends on many factors like local climate, soil conditions, crop
combinations, and how farmers manage their fields. To make it
truly effective, region-specific practices, farmer involvement, and
practical recommendations are essential. Future efforts should
focus on long-term studies, develop suitable agronomic packages,
and explore how legumes interact with soil life, especially under
changing climates. Understanding the economic trade-ofts and
offering market support will also help farmers adopt these systems
more widely.

In conclusion, legumes offer a practical and ecologically
grounded solution to many of the pressing challenges in
agriculture. Their role in building resilient, efficient, and
sustainable agroecosystems continues to grow, and this Research
Topic contributes meaningfully to the scientific and practical
understanding of their multifaceted value.
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Soil legacies in maize-edible
legume intercropping alter maize
growth and reduce Spodoptera
frugiperda larval feeding
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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.

KEYWORDS

crop mixtures, fall armyworm, soil health, seed germination, plant growth

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,
2020; 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’ 44.67; 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 _ 2232, P = 0.02; Fs30 _ 2.653, P = 0.01; Fs 30 _ 17.200, P =
0.001; Fsso - 13.600, P = 0.001; Fs3 _ 2.685, P = 0.01; and
Fss0 _ 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° 44.45 + 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° 11451 + 24.45° 43.72 + 7.66° 58.53 + 18.16" 5141 +6.59°  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 + 2455 | 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

ocC 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: %> = 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).
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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:
Fs1s5 _ 33.77, P < 0.001), (ANOVA: Fg 5 _ 21.37, P < 0.001) and
(ANOVA: F5 15 - 33.77, P < 0.001), respectively (Iigure 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 ;5 - 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 15 = 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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(Fs518 = 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 + 0.31%
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 27.55
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
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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 § 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 + 1.66°
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 2736 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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Legume—grass mixtures improve
biological nitrogen fixation and
nitrogen transfer by promoting
nodulation and altering root
conformation in different
ecological regions of the
Qinghai—Tibet Plateau

Feng Luo™, Wenbo Mi**' and Wenhui Liu™*

'Key Laboratory of Superior Forage Germplasm in the Qinghai-Tibetan Plateau, Qinghai Academy of
Animal Husbandry and Veterinary Sciences, Qinghai University, Xining, China, 2Laboratory of Tibetan
Plateau Germplasm Resources Research and Utilization, College of Agricultural and Forestry Sciences,
Qinghai University, Xining, China

Introduction: Biological nitrogen fixation (BNF) plays a crucial role in nitrogen
utilization in agroecosystems. Functional characteristics of plants (grasses vs.
legumes) affect BNF. However, little is still known about how ecological zones
and cropping patterns affect legume nitrogen fixation. This study’s objective was
to assess the effects of different cropping systems on aboveground dry matter,
interspecific relationships, nodulation characteristics, root conformation, soil
physicochemistry, BNF, and nitrogen transfer in three ecological zones and
determine the main factors affecting nitrogen derived from the atmosphere
(Ndfa) and nitrogen transferred (Ntransfer).

Methods: The N labeling method was applied. Oats (Avena sativa L.), forage peas
(Pisum sativum L.), common vetch (Vicia sativa L.), and fava beans (Vicia faba L.)
were grown in monocultures and mixtures (YS: oats and forage peas; YJ: oats
and common vetch; YC: oats and fava beans) in three ecological regions (HZ:
Huangshui Valley; GN: Sanjiangyuan District; MY: Qilian Mountains Basin) in a
split-plot design.

Results: The results showed that mixing significantly promoted legume
nodulation, optimized the configuration of the root system, increased
aboveground dry matter, and enhanced nitrogen fixation in different ecological
regions. The percentage of nitrogen derived from the atmosphere (%Ndfa) and
percentage of nitrogen transferred (%Ntransfer) of legumes grown with different
legume types and in different ecological zones were significantly different, but
mixed cropping significantly increased the %Ndfa of the legumes. Factors
affecting Ndfa included the cropping pattern, the ecological zone (R), the root
nodule number, pH, ammonium-nitrogen, nitrate-nitrogen, microbial nitrogen
mass (MBN), plant nitrogen content (N%), and aboveground dry biomass. Factors
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affecting Ntransfer included R, temperature, altitude, root surface area, nitrogen-
fixing enzyme activity, organic matter, total soil nitrogen, MBN, and NZ%.

Discussion: We concluded that mixed cropping is beneficial for BNF and that
mixed cropping of legumes is a sustainable and effective forage management
practice on the Tibetan Plateau.

KEYWORDS

cropping pattern, legume forage, symbiotic nitrogen fixation, rhizoma, root system, soil
physicochemical, ecoregion

1 Introduction

Soil nitrogen is a key factor influencing crop growth in cropping
systems (Mcgraw et al., 2008; Thilakarathna et al., 2012). Modern
agriculture achieves high yields by using large amounts of inorganic
nitrogen fertilizer and non-renewable resources, a practice that is
now being questioned (Hatano et al., 2002). Studies have shown that
such production practices negatively affect the nitrogen cycle and
nitrogen balance (Moorhead et al., 2013), are costly in terms of
public health and environmental safety (Tilman et al., 2002; Francis
et al, 2016), and are a serious impediment to sustainable
agricultural development (Song et al., 2020). Thus, agroecology
emphasizes the design of cropping systems using ecosystem services
and the sustainability of agricultural production systems (Clergue
et al., 2005; Faucon et al., 2017; Olounlade et al., 2017). Biological
nitrogen fixation (BNF) by legumes is an important way to
replenish soil nitrogen (Yao et al., 2019). Mixed grass and legume
forage cropping systems, which significantly optimize the cropping
system by increasing plant diversity and improving soil health
(Creme et al., 2015; Zhao et al, 2015), are a way to develop
sustainable ecological agriculture (Luo et al., 2023).

Legume forage plays a crucial role in livestock development by
providing a protein-rich source for grass-fed livestock and by
improving soil quality by symbiotic nitrogen fixation with soil
rhizobacteria (Rochon et al., 2010; Rispail et al., 2015). Including
legumes in mixed cropping systems increases crop yield (Tilman
et al,, 2002), improves forage quality (Tahir et al., 2023), increases
resource utilization (Loreau et al., 2001) and soil quality (Wichern
et al., 2007; Hinsinger et al, 2009), and maintains the nitrogen
balance in the soil system (Ledgard and Steele, 1992), which reduce
chemical inputs and environmental pollution (Hinsinger et al,
2009; Frankow-Lindberg and Dahlin, 2013). This is because
prokaryotic microorganisms are catalyzed by nitrogen-fixing
enzymes in mixed cropping systems of grasses and legumes,
which reduces atmospheric nitrogen to plant-available nitrogen
(ammonia), providing an additional source of nitrogen for the
grasses (Fitter, 1994). At the same time, nitrogen is transferred
from high-nitrogen-producing plants (Leguminosae) to low-
nitrogen-producing plants (Gramineae) due to the reservoir
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source relationship, and this mechanism of nitrogen transfer frees
Gramineae from nitrogen limitations (Jalonen et al., 2009;
Poffenbarger et al, 2015). In addition, due to interspecific
competition among crops, competition for soil nitrogen from
grass crops stimulates legumes to fix more nitrogen from the
atmosphere for crop growth and development and also reduces
the nitrogen deterrent effect of legumes (Mtambanengwe and
Mapfumo, 1999; Peoples et al., 2015).

Plants use interspecific complementarity and interspecific
competition to access soil resources and promote rhizomatous
nitrogen fixation through positive plant-root-soil interactions
(Duchene et al.,, 2017). Grass-bean mixed grasslands rely on the
symbiotic relationship between rhizomes attached to legume root
systems and soil nitrogen-fixing bacteria to fix nitrogen, which
affects the soil carbon/nitrogen balance and improves nitrogen
utilization and mineralization rates (Odu and Akerele, 1973;
Sainju et al,, 2003). In addition, mixes of grassland increase
organic matter input and beneficial soil microorganisms to
maintain the soil nutrient balance (Fornara and Tilman, 2008;
Fornara et al., 2009; Deyn et al., 2011). However, promoting and
suppressing nitrogen fixation efficiency depends on the pattern of
competition for soil nitrogen between the root systems of grasses
and legumes, which is a dynamic equilibrium (Haynes, 1980; Stern,
1993; Bouma et al,, 2001). In addition, the efficiency of nitrogen
transfer from legumes to grasses is related to root system secretions
and the characteristics of the rhizomes. A high rate of BNF does not
represent a high nitrogen transfer efficiency (Rui et al., 2022). BNF
in legume crops is affected by biological factors (crop type and inter-
root mycorrhizal flora) (Meng et al, 2015) and environmental
factors (moisture, temperature, and soil nutrients) (Dollete et al.,
2023). Therefore, it is necessary to analyze the nodulation
characteristics, root phenotypic traits, soil physicochemical
properties, and interspecific relationships of grasses planted in a
mixed cropping system of grasses with different species of legumes
in different ecological zones to assess BNF and nitrogen
translocation capacity of leguminous pasture grasses and the
productivity of grasses to improve livestock production.

The Tibetan Plateau, with an average elevation of 4,000 m
above sea level (Li et al., 2022), is known as the “third pole”. The
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unique geographical location and climatic conditions of the
Tibetan Plateau create an alpine meadow ecosystem (Zhang
et al., 2014). The alpine meadows of the Tibetan Plateau are the
largest alpine grassland distribution area in the world, covering an
area of approximately 2.27 x 10° km* (Liu et al., 2023), which
serves as an ecological barrier and an important source of forage
(Hu et al,, 2021). Livestock husbandry is the leading industry in
this area (Wei et al., 2017). In recent years, human activities and
climatic factors have led to grassland degradation, and bare
vegetation has reduced the total amount of nitrogen fixation in
natural grasslands and lowered the ecological service function
(Harris, 2010; Ren et al., 2014; Xue et al., 2017). Therefore,
optimizing cropping systems with ecologically sound forage is
essential to restore the grasslands and develop animal husbandry
practices (Dong et al., 2010). Introducing a mixed forage cropping
system with legumes improves forage quality and replaces
inorganic nitrogen fertilizer inputs (Tahir et al.,, 2022).
Symbiotic nitrogen fixation accounts for 70% of the overall BNF
in agroecosystems (Herridge et al.,, 2008), and leguminous crops
provide 32-149 kg-hm™ of nitrogen to growing crops through
BNF, increasing the total amount of nitrogen in the nitrogen cycle
of the agroecosystem (Mueller and Thorup-Kristensen, 2001).
However, different cropping patterns and crop types have
different effects on the rates of BNF and nitrogen transfer in
leguminous crops. Climate is another key factor influencing BNF
in leguminous crop fields (Liu et al, 2019). The altitude and
climate of the different alpine ecological zones are different, and
microclimates predominate. However, the forage production
capacity, BNF, and nitrogen transfer rates of different species of
leguminous forage mixed with oats in different ecological zones
are unclear. Therefore, there is a need to study BNF and nitrogen
transfer in legumes under various cropping patterns and in
different ecological zones to increase forage production and to
mitigate the negative impacts on the environment.

90°q0'E 95°Q0E

10.3389/fpls.2024.1375166

This study investigated the effects of different cropping patterns
on aboveground dry matter, interspecific relationships, nodulation
characteristics, root phenotypic traits, soil physicochemical
properties, BNF, and nitrogen transfer in different alpine
ecological zones. The results of this study will guide mixed forage
cropping in the Qinghai region of China, which will reduce hazards
to the environment and promote sustainable development
of agroecosystems.

2 Materials and methods

2.1 Study site

The experiment was conducted at a planting site in each of the
three ecological zones in Qinghai Province, China (Figure 1):

1) HZ (Huangzhong County in Huangshui Valley): located in
Garur Village, Garur Township, Tumen Pass Township. No
irrigation was present, and it was a typical shallow mountain
cultivation area. The area has a highland continental climate, with
a short warm season and a long winter. The average annual
temperature and precipitation are 5.3°C and 490 mm,
respectively, and the soil type is calcium chestnut soil, with oats
and legume forage as the previous crops in 2022.

2) GN (Guinan County, Sanjiangyuan District): located in
Tashiu Village, Tashiu Township. No irrigation was present; it
has a highland continental climate with long winters and short
summers, and a cold and humid climate. The average annual
temperature and precipitation are 3.2°C and 403 mm,
respectively, and the soil type is clay loam, with oats and legume
pasture as the previous crops in 2022.

3) MY (Menyuan County, Qilian Mountain Basin): located in
Xianmi Township, Xianmi Township. No irrigation was present,
and the plateau continental climate is typical of the cold, warm,
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Study area and cropping map
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and humid climate of the plateau. It has a snowy and windy
spring, a cool and rainy summer, a mild and short autumn, and a
cold and long winter. The average annual temperature and
precipitation are 4.2°C and 518 mm, respectively, and the soil
type is black calcium soil, with oats and legume pasture as the
previous crops in 2022. The soil physicochemical properties are
shown in Table 1.

2.2 Experimental design

The trial employed a randomized block group design,
comprised of seven treatments. Each treatment had three
replication plots, for a total of 21 plots. The plot was the
experimental unit with an area of 20 m? (5 m x 4 m). The seeds
were provided by the Qinghai Academy of Animal Husbandry and
Veterinary Science (Table 2).

The HZ, MY, and GN test sites were sown based on the local
climate and sowing dates. A total of 75 kg-ha™" of urea (46% N) and
150 kg-ha " of calcium superphosphate (12% P,QOs) were applied as
basal fertilizers before sowing. The sowing amounts are listed in
Table 1 (Xiang, 2022). Field management practices were consistent
with other crops. Weeds were controlled twice manually.

TABLE 1 Soil physicochemical properties before sowing in the
study area.

Ecological region basic information

Soil indicators

HZ €]\

SOM (gkg ™) 344 34.47 50.1
TN(gkg ™) 22 2.4 3.1
TP(gkg™") 2.5 1.7 2
TK (gkg™) 244 18.1 21.1

AN(mgkg™) 120 105 124

APs(mgkg™) 27.6 20.3 26.1

AK (mgkg™) 290 244 258

TABLE 2 Planting systems and sowing rates.

Seeding quan-

Treatments  Crop and species . =
P P tity/g-m™2
Y Oat (Qinghai 444) 22.50
S Forage peas (Qingjian 1116
No. 1)
] Common vetch (Ximu 12.00
No. 324)
c Fava bean (Qingcan 16.53
No. 22)
Y/S Oat/Forage peas 13.50/4.45
Y/] Oat/Common vetch 15.8/6.61
Y/C Oat/Fava bean 13.50/6.61
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To assess nitrogen fixation by the plants in the mixed sowing plots,
the plants were '>N-marked 2 weeks before harvest using the following
method. A 0.25-m* marking strip of uniform length was selected for
each single and mixed sowing plot. A perforated plastic sheet was used
to identify the marking holes in the area using pieces of wire 15 cm
apart, for a total of 28 marking holes. Then, a syringe with a 3-cm
needle was attached, and 2 ml of a 0.08 g/m double-labeled
NH,"”NO; (99%, supplied by the Shanghai Institute of Isotope
Chemistry) solution was aspirated into the labeled holes for "N
labeling. After completion, four thick wires of 50 cm length were
used to fix the position of the >N markers for later sampling.

2.3 Sampling and measurements

Sampling was conducted at the oat milky stage, when the
quality of the oat forage was optimum. Due to the different
climates and altitudes at the three sites, the growing and
harvesting periods of the crops were different. The HZ, MY, and
GN sites were harvested, and soil samples were collected on 21
August, 28 August, and 9 September 2023, respectively.

2.3.1 Sampling

Whole plot yield measurements were used. The plants were
mowed to the ground and weighed fresh (for mixed crops, the two
crops were weighed separately). A 1,000 g sample of fresh forage was
collected from each plot and brought back to the laboratory in air-
dried bags, air-dried at 105°C for 30 min, then air-dried at 65°C to
constant weight. The samples were ground in a ball mill to
determine "N abundance and total nitrogen (TN) content. The
soil was carefully excavated with a spade to a depth of 35 cm along
the root system, and the large pieces of soil were shaken off. Five
intact legume and oat root systems were selected from each plot, the
number of root tumors were counted, and the fresh weight of the
root tumors were weighed. The root tumors and root systems were
also brought to the laboratory for determination of nitrogen-fixing
enzyme activity and scan of root structure. Then, the roots were
dried at 105°C for 30 min and baked in an oven at 80°C to constant
weight to determine root biomass. Soil samples were collected from
the 0-10-cm layer using the five-point method. A portion of fresh
soil was used to determine microbial biomass nitrogen (MBN)
content, while the rest of the soil samples were dried naturally and
sieved to determine other soil indicators.

2.3.2 Measurements

Plant "°N abundance was determined by mass spectrometry
(DELTAplus XP, Thermo Finnigan Electron Corp., Mannheim,
Germany). Root tumor nitrogen fixing enzyme activity was
determined by acetylene reduction method, and nitrogen fixing
enzyme activity was expressed as acetylene concentration (U/g)
(Khan et al, 1994). TN in the plants and soil was determined by the
Kjeldahl method. Soil organic matter (SOM) was determined by redox
titration with K,Cr,O;. Soil ammonium nitrogen (ANN) was
determined by the indophenol blue colorimetric method. Soil
nitrate-nitrogen (NN) was assessed using the phenol disulfonic acid
colorimetric method. Soil MBN was determined by the chloroform
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fumigation leaching method (Joergensen, 1996). Soil pH was
determined by potentiometry (water—soil ratio, 2.5:1). Roots were
scanned using a dual-light source color scanner (Sinocrystal
ScanMaker i800 plus, Hangzhou Wanshen Inspection Science and
Technology Co.)

2.4 Data collection and analysis

The land equivalent ratio (LER) of a mixed cropping system was
calculated using Equation 1:

LER = Lyry + Yy

1)

where Y represents oats and I represent legume forage. I = S,
forage pea; I = ], common vetch; and I = C, fava bean. Ly y and Lyy;
represent the aboveground dry matter mass of mixed-crop oats and
the legume forage, respectively, and Ly and L; represent the
aboveground dry matter mass of monocrop oats and the monocrop
legume forage, respectively. When LER > 1, the aboveground dry
matter mass of the mixed crop was more advantageous than that of
the monoculture and vice versa.

Relative abundance of >N (8'°N) was calculated using
Equation,32] ?> 2 (Yoneyama et al., 1986):

Atom % ' N(sample) — Atom % 15 N(standard)
Atom % "> N(standard)

SPN(%) = x1000 (2)

where §'"°N is the relative abundance of '°N in the sample; atom
%'°N (sample) is the atomic abundance of °N in the sample; and
atom% "N (standard) is the atmospheric abundance of N
(0.3663%), which is used as the standard isotope abundance of I5N.

The %Ngg, of the legume forage and the proportion of N
transferred from the legume forage to oats (%Niansfer) Were
calculated using Equation 3 and Equation 4, respectively (Herridge
et al., 1995; Neumann et al., 2009):

A%Ey_
%Ny, = (1 - A‘(’%)g‘ ‘) % 3)
Y
A%Ey
%Ntransfer = (1 - ﬁ) % (4)
1

where A%Ey and A%E; are the §"°N of the single-crop oat and
legume forage, respectively. A% Ey;.y and A% Eyp are the SN of
mixed-crop oat and legume forage, respectively.

2.5 Statistical analysis

Differences in aboveground biomass, nitrogen yield, rhizome traits,
root morphology, soil physicochemical properties, BNF, and nitrogen
transfer between cropping systems and the cropping areas were tested
using two-way analysis of variance followed by Duncan’s multiple
comparison test using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA).
A p-value< 0.05 was considered significant. Graphs were plotted using
Origin 2021 software (OriginLab, Northampton, MA, USA).
Relationships between the soil’s physical properties, rhizome
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characteristics, climatic factors, and aboveground biomass and
variables, such as BNF and nitrogen transfer, were determined by
calculating Mantle’s test and Pearson’s correlation coefficients. Statistical
analyses and mapping were performed using R 4.3.1 for Windows and
the “ggplot2”, “linkET”, “dplyr”, and “piecewiseSEM” software packages
(The R Foundation for Statistical Computing, Vienna, Austria).

3 Results

3.1 Effect of the cropping pattern on
aboveground dry biomass and nitrogen
accumulation in the different
ecological zones

The cropping pattern, ecological zone, and their interactions
had extremely significant (p< 0.01) or significant (p< 0.05) effects on
aboveground dry biomass (Table 3). In all ecological zones, total
aboveground dry biomass was significantly higher in all three mixed
cropping patterns than in the oat monoculture, and the differences
among the three mixed cropping combinations were significant in
the same ecological zone. In addition, total aboveground dry matter
in the three ecological zones was in the order of MY (770.79 g-m™2)
> HZ (750.04 g-m_z) > GN (740.90 g-m_z), and tended to decrease
with increasing altitude. The LER of mixed cropping was >1 in all
ecological zones, indicating that the total aboveground biomass of
the mixed cropping system was more advantageous than that of oat
monoculture. The cropping pattern with the highest aboveground
total dry matter in each ecological zone was in the order of HZ (YS),
GN (YC), and MY (YS), which were 16.37%, 17.07%, and 12.16%
higher than that of oat monoculture, respectively.

The cropping pattern, ecological zone, and their interaction had
significant (p< 0.05) effects on nitrogen content and nitrogen
accumulation of the aboveground biomass (Figure 2). In all
ecological zones, nitrogen content and nitrogen accumulation of oats
grown in mixes were significantly higher than that of oats grown in
monoculture, and the differences were significant among the ecological
zones. In addition, no significant differences in nitrogen content or
nitrogen accumulation of oats grown in the three mixes were detected
in the same ecoregion (Figures 2A, B). In all ecological zones, nitrogen
content and nitrogen accumulation of the mixed legume forages were
significantly higher than their respective counterparts in monoculture
(Figures 2C, D). N content and total N accumulation were greater for
mixed cropping than oat monocropping (Figures 2E, F).

3.2 Effect of the ecological zone planting
pattern on root tumor characteristics of
legume forage grasses

The cropping pattern, ecological zone, and their interactions had
significant (p< 0.05) effects on root tumor number, root tumor fresh
weight, and nitrogen-fixing enzyme activity (Figure 3). In all ecological
zones, the number of tumors of mixed legume forages was significantly
greater than that of the corresponding monocultures, and the highest
number of tumors was found in the YS cropping 7pattern, followed by
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TABLE 3 Aboveground dry biomass and the land equivalent ratio (LER) of monoculture and mixed cropping in the three ecological zones.

Ecological Cropping Leguminosae
region system (gm™)
Y 746.75 + 8.99Ba - 746.75 + 8.99Bc -
YS 693.61 + 5.83Bb 175.17 + 8.78Ac 868.78 + 14.45Ba 1.19
S - 658.3 + 16.18Aab 658.3 + 16.18Ade -
HZ YJ 710.27 + 7.14Ab 114.72 + 11.56Abd 824.99 + 8.48Bb 113
J - 644.08 + 32.59Ab 644.08 + 32.59Ae -
YC 674.1 + 15.2Bc¢ 145.19 + 8.65Bc 819.28 + 23.17Bb 1.11
C - 688.12 + 11.55Aa 688.12 + 11.55Ad -
Y 724.55 + 12.25Ba - 724.55 + 12.25Bc -
YS 677.47 + 2.53Cb 155.47 + 6.68Bc 832.94 + 4.19Ca 1.18
S - 629.68 + 4.74Bb 629.68 + 4.74Be -
GN Y] 693.27 + 5.81Bb 110.48 + 2.55Bd 803.75 + 7.52Cb 113
J - 618.83 + 18.3Ab 618.83 + 18.3Ae -
YC 685.36 + 20.23ABb 162.9 + 5.98Ac 848.26 + 24.07Aa 1.18
C - 686.09 + 12.61Aa 686.09 + 12.61Ad -
Y 799.9 + 12.25Aa - 799.9 + 12.25Ac -
Ys 726.06 + 6.56Ab 171.03 + 4.33Ac 897.09 + 6.2Aa 1.16
S - 6753 + 13.97Aa 6753 + 13.97Ad
MY Y] 713.2 + 7.79Abc 131.31 + 9.63Ad 844.51 + 3.2Ab 1.10
J - 630.91 % 19.55Ab 630.91 * 19.55Ae
YC 707.41 + 3.34Ac 153.82 + 4.3Abc 861.23 + 5.07Ab 111
C - 686.61 + 14.96Aa 686.61 + 14.96Ad -
Ecological region (R) b * e -
Cropping system (P) * > > -
R*P - % - i

Lowercase letters indicate significant differences in the same ecological region for different planting patterns, while uppercase letters represent significant differences in the same planting patterns
for different ecological regions (p< 0.05). The same as below. * and ** represent significant differences at the 0.05 and 0.01 levels, respectively.

Y]. The number of rhizomes on C monocultures was significantly
lower than that of the other cropping patterns (Figure 3A). Significant
differences in tumor weight and nitrogen-fixing enzyme activity were
observed in all ecological zones among the three legumes, and all
showed the pattern of broad bean > forage pea > arrow end pea. In
addition, in the same ecoregion, the tumor weight and nitrogen-fixing
enzyme activity of the legume forage grasses grown in monoculture
were significantly lower than those of the corresponding mixes, except
for the root tumor weights of the C and YC cropping patterns of GN
(Figures 3B, C).

3.3 Effect of the ecological region planting
pattern on forage root characteristics

Root dry weight and root volume were significantly higher in
monoculture than those in the corresponding mixtures in all
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ecological zones and were highest in fava beans, followed by oats.
Moreover, root dry weight and root volume were significantly
higher in MY than in HZ or GN (Figures 4A-D, M-P). In contrast,
in all ecological zones, root length and root surface area were
significantly higher in the mixed cropping than in the
corresponding monoculture cropping pattern. Root length and
surface area revealed an overall pattern of broad bean > oat > arrow
end pea > pea. In addition, root length and root surface area among
regions were in the order of MY > HZ > GN (except broad bean)
(Figures 4E-1, G, K, L). Root diameter was significantly higher in
monoculture oats than in the mixed cropping pattern, and the YC
cropping pattern had the smallest root diameter in oats. The root
diameter of oats between regions followed the same trend as root
dry weight and root volume, both indicating that MY was
significantly higher than HZ and GN (Figure 4Q). Additionally,
the root diameters of all three legume mixtures were lower than
those of the corresponding monocultures, suggesting that root
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growth of the legumes was inhibited in the mixed cropping system

(Figures 4R-T). In addition, the root systems
ecological zones varied considerably, e.g., the

of crops in different
root surface area of

broad bean was largest in the GN region, whereas the root surface
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area of arrow end pea and oat was largest in the MY region

(Figures 41, K, L).

The planting pattern, the ecological zone, and their interactions
had significant or extremely significant (p< 0.05) effects on root dry
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weight, root length, root area, root volume, and root diameter for all
crops, except for the ecological zones, which had no significant
effect on the diameter of the three types of beans, or the volume of
the three types of beans as a result of the interaction between the
planting pattern and the ecological zone (Figure 4).

3.4 Effect of cropping pattern on soil
physicochemical properties in different
ecological zones

The planting pattern, ecological zone, and their interaction had
extremely significant (p< 0.01) effects on pH, SOM, TN, NN, ANN, and
MBN, except for the interaction between the planting pattern and the
ecological zone, which did not have a significant effect on NN (Figure 5).
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Mixed cropping tended to reduce soil pH compared to oat
monoculture, but the difference was not significant (Figure 5A).
Monocropping and mixed cropping of the three legumes
increased SOM compared to oat monocropping in all ecological
zones, with legume monocropping the highest, followed by
mixing. SOM of the mixed crops was significantly higher than
that of oat monoculture. In addition, the cropping patterns with
the highest SOM in each ecological zone were HZ (YS), GN (YC),
and HZ (YS) (Figure 5B). Soil TN content revealed that mixed
cropping was significantly higher than oat monocropping and the
corresponding bean monocropping in all ecological zones, but the
differences among the three mixed cropping patterns were not
significant. In addition, TN content increased the most in MY
compared to pre-sowing (Figure 5C). Soil ANN and NN contents
in all ecological zones were in the order of bean monoculture >
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mixed > oat monoculture, and soil ANN and NN were
significantly greater than the pre-sowing soils, except for oat
monoculture (Figures 5D, E). Soil MNB content increased in all
ecological zones and all cropping patterns compared to pre-
sowing. Among them, oat monoculture was the lowest, and the
mixed cropping pattern was the highest. The cropping patterns
with the highest MBN in each ecological zone were HZ (Y]), GN
(YC), and HZ (YS) (Figure 5F). MY had significantly higher SOM,
TN, NN, ANN, and MBN contents than HZ or GN (Figure 5).

3.5 Effect of the cropping pattern on
biological nitrogen fixation efficiency and
the amount of nitrogen fixation by the
legume forage in different ecological zones

The cropping pattern, ecological zone, and their interactions
had extremely significant (p< 0.01) effects on the rate of BNF, the
amount of BNF, and the contribution of nitrogen fixation of legume
forages (Figure 6).

Nitrogen fixation efficiency of legumes was significantly higher in
mixed cropping than in the corresponding monocropping in all
ecological zones and was significantly different among the three
legumes in the same area. Among them, the cropping patterns with
the highest nitrogen fixation rates in all ecological zones were HZ (YS),
GN (YC), and MY (Y]), respectively. In addition, the nitrogen fixation
rate of common vetch was significantly different among the three
ecological zones (Figure 6A). BNF and the contributions of BNF were
higher in all ecological intervals for monocultures than the
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corresponding mixtures and differed significantly among the three
legumes in the same region. All three legumes in MY had higher
biological nitrogen fixation rates than those in HZ and GN (except GN,
fava bean). In addition, YS was the cropping pattern with the highest
amount of BNF and contributions of BNF from mixed cropping in all
regions. The amount of BNF and contribution of nitrogen fixation by
fava bean were significantly higher in GN than in other regions
(Figures 6B, C).

3.6 Effects of mixed sowing in the different
ecological zones on the proportion of
nitrogen transfer and the amount of
nitrogen transferred by leguminous

forage grasses

The cropping pattern, ecological zone, and their interactions had
extremely significant (p< 0.01) effects on the N-transfer rate and the
amount of N-transferred by legume forages (Figure 7). The nitrogen
transfer rates of all three legume species were significantly different in
the same region, and the order of the nitrogen transfer rates in the
regions was HZ (YS > YC > Y]), MY (YC > YS > YJ), and GN (YC > YS
> Y]), respectively. In addition, YS, Y], and YC had the highest nitrogen
fixation rates among the regions HZ, GN, and MY, respectively
(Figure 7A). Significant differences in N transfer were detected among
the three legume species in the same region, except for YC and YJ (HZ),
and YS and Y] (MY), which were not significantly different. The order
of the nitrogen transfer rate among regions was HZ (YS > YC > YJ), MY
(YC > YS > Y]J), and GN (YS > YJ > YC), respectively. Moreover, the
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highest nitrogen fixation rates were found in the regions of YS, YJ, and
YC: GN, MY, and GN, respectively (Figure 7B).

3.7 Factors affecting biological nitrogen
fixation and nitrogen transfer

Pearson’s correlation analysis showed that the ecological region (R)
was significantly and positively correlated (p< 0.05) with N%, MBN,
ANN, NN, TN, SOM, NN, pH, PPT, and T. The planting pattern (P)
was significantly and positively correlated (p< 0.05) with NW, NRN,

RD, RV, RS, RL, and RW. Mantel’s test showed that NRN, pH, NN,
ANN, MBN, N%, and DM were significantly and positively correlated
(p< 0.05) with BNF contribution (NC). P, R, NRN, pH, MBN, NN,
ANN, N%, and DM were significantly and positively correlated (p<
0.05) with the amount of nitrogen fixation (Ndfa). P, R, T, NRN, NRN,
pH, SOM, TN, NN, N%, and DM were significantly and positively
correlated (p< 0.05) with BNF (%Ndfa). R, T, ALS, RS, GN, SOM, TN,
MBN, and N% were significantly and positively correlated (p< 0.05)
with nitrogen transfer (Ntransfer) (Figure 8).

R and NG had a significant direct positive effect on Ndfa, and P
had a significant direct negative effect on Ndfa. The cropping pattern
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indirectly affected Ndfa by increasing NG, and the ecological
zone indirectly increased Ntransfer by significantly increasing NN.
P had a significant direct negative effect on Ntransfer, and NW
had a significant direct positive effect on Ntransfer. R increased
NT by increasing N%, and P increased Ntransfer by increasing
RS (Figure 9).

4 Discussion

The present study showed that the cropping pattern in different
ecological zones increased crop aboveground dry matter and
changed the root conformation. Mixed cropping improved soil

nutrients and had beneficial effects on the rhizomes, nitrogen
fixation, and nitrogen transfer. Studying the changes in
nodulation, nitrogen-fixing enzyme activities, root phenotypic
traits, and soil physicochemical traits in legumes helped to
understand the overall response of BNF and nitrogen transfer in
legumes in different ecological zones. The ability of legumes to
biologically fix nitrogen is a result of their symbiosis with
rhizobacteria, which are present in the rhizomes of legumes, and
different crop types and growing environments affect the formation
and activity of nodules, which, in turn, affects the amount of
nitrogen biologically fixed by the plant (Suter et al., 2015;
Duchene et al, 2017). Nitrogen fixation in the aboveground
portion of legumes in an intermixed cropping system yields

Fisher's C=13.66 P=0.064

FIGURE 9

Piecewise structural equation modeling (SEM) describing the effects of the cropping system in different ecoregions on biological nitrogen fixation
and nitrogen transfer in legume forage. Effect of cropping pattern (R) and ecological region (P), nitrogen-fixing enzyme activity (NG), microbial mass
nitrogen (MBN), nitrate nitrogen (NN), pH (Ph), total nitrogen (TN), nitrogen content (%N), and root surface area (RS) on biological nitrogen fixation
(Ndfa) and nitrogen transfer (Ntransfer). Solid lines indicate significant effects, and dashed lines indicate non-significant effects. * and *** indicate

significant differences at 0.05 and 0.001 levels, respectively.
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40-100 kg ha™®, and legume nitrogen fixation in an intermixed
cropping system is more than three times that in a monoculture
(Jensen, 1996), whereas 7%-42% of the nitrogen in non-leguminous
forage is transferred by legumes (Schipanski and Drinkwater, 2012;
Thilakarathna et al., 2016). This is due to nitrogen fixation by
leguminous crops, which alters the soil’s carbon-to-nitrogen ratio,
improves the soil’s nitrogen balance, and accelerates the cycling of
nutrients and enzymes required for normal plant growth and
development, which has a positive effect on crop growth (Spiegel
et al., 2007). Therefore, rational farming practices and cropping
patterns not only add additional nitrogen to the soil and improve
soil health but also effectively promote the agroecosystem cycle
(Créme et al., 2015; Zhao et al., 2015).

Mixed cropping in all ecological regions had more aboveground
dry matter than monocultures and LERs > 1, suggesting that
interspecific complementarity is greater than interspecific
competition in hybrid systems. Previous studies have reached the
same conclusion (Willey, 1979) because plants use interspecific
complementarity and interspecific competition to access soil
resources and promote rhizomatous nitrogen fixation through
positive plant-soil-microbe interactions (Duchene et al., 2017).
Plant facilitation and competition coexist in intercropping/mixed
cropping, and facilitation occurs when plant species positively
interact to provide complementary services (Bedoussac and Justes,
2010; Amosse et al., 2013). The interspecific relationships of crops
are related to root conformation and root depth, as root
characteristics determine the depth of water and nutrient uptake
(Peoples et al., 2004; Hauggaard-Nielsen et al., 2008). Plants use the
plasticity of roots to avoid excessive root competition and to explore
different regions of the soil, which in turn acts on the growth and
development of the aboveground parts (Schroth, 1998; Hauggaard-
Nielsen et al., 2001; Rich and Michelle, 2013). Our study confirmed
that mixing oats with the three legumes promoted root growth,
particularly increasing root length and surface area in the mixed
cropping system, increasing nutrient uptake from the soil, and
promoting aboveground growth. The amount of aboveground dry
matter was significantly higher in all of the mixes than in
monocropping and that the mixed cropping system was in an
interspecific complementary situation. The aboveground N
contents of oats planted under mixed cropping in the same
ecoregion were all significantly higher than those of single-
cropped oats, while the opposite was true for pulses, and there
were differences in the N contents of oats among the three mixed
cropping modes of pulses, YS, YJ, and YC. One was that N fixed by
legume crops is taken up and utilized by grass crops, depleting the
nitrogen in the soil and forcing legumes to increase their BNF rate
to meet their own nitrogen needs, while utilization of nitrogen
resources by oats is enhanced by interspecific intercropping (Wahbi
etal,, 2016; Ingraffia et al.,, 2019). Second, the N content of legumes
is inherently higher than that of oats, and the difference in N
between plants after mixed cropping establishes a reservoir-source
relationship for oat-mungbean intercropping, resulting in the
transfer of nitrogen from high- to low-N plants and an increase
in the N content of the oats (Neumann et al., 2009; Rui et al., 2022).

The root tumor is the main site of BNF in leguminous plants
(Gibson, 1977), and the strength of the nitrogen fixation capacity of
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the root tumor is related to the number of root tumors, the weight
of the root tumors, the activity of nitrogen-fixing enzymes, the
habitat of the plant, and the characteristics and growth and
reproduction of the plant (Vincent et al., 1980), such as farming
practices, cropping pattern, and climatic conditions (Wheatley
et al,, 1995; Marcarelli and Wurtsbaugh, 2010; Ben-Chuan et al.,
2022). In this study, the number of nodules, weight, and nitrogen-
fixing enzyme activity of the legumes increased in the mixed
cropping system, but the number of rhizomes varied considerably
from crop to crop, with pea having the highest number of nodules
and fava beans the largest rhizome weight, and the differences in
rhizome characteristics among the different crop species were
greater than those among the different cropping patterns. This
finding suggests that plant nodulation is mainly determined by
genetic characteristics (Hardarson and Atkins, 2003; Keneni et al.,
2013), but cropping systems can also significantly increase the
number and weight of rhizomes (Fujita et al., 1992; Bloem et al.,
2009). In addition, the characteristics of crop rhizomes of the same
cropping pattern varied considerably in different ecological zones;
particularly, the number and weight of the legume nodules were
significantly higher in MY than in HZ and GN, except for fava bean,
which had the highest number and weight of nodules in GN. This
may have occurred because of the fertile soil and suitable climate in
MY, which was favorable for legume crop nodulation, and similar
results were reported by related studies (Dollete et al., 2023).
Beuselinck et al. (2005) confirmed that plants grown in fertile
soils have dense and large rhizomes, whereas those grown in poor
soils have fewer rhizomes. However, the fava bean tumor pattern is
the opposite, with the lowest temperature and rainfall in the GN
region inhibiting the growth and development of the crop, and the
aboveground dry matter yield of the crop in the GN (highest
altitude) region was lower than in all other regions. This may be
due to the fact that broad beans are more adaptable to their
environment and that low temperatures and dry conditions are
more favorable for nodulation. This is contrary to the findings of
Lumactud et al (Fernandez-Luque et al., 2008; Belen et al., 2015).
This may have occurred because of the different crop species
studied; broad bean has a longer root system, greater volume and
surface area, greater ability to draw water and nutrients, greater
ability to cope with drought, and a lower effect on nodulation
(Rowse and Goodman, 1981; Nyalemegbe and Kenneth, 1994). In
addition, the mixed cropping increased nitrogen-fixing enzyme
activity in the rhizomes of the leguminous crops, which was
consistent across all three leguminous crops in all ecological
zones. Root interactions in the mixed cropping system may be
responsible for the increased oat root growth, root surface area, and
spatial expansion of the oat root system (Hoad et al., 2001; Gao
et al., 2010), which created a favorable microaerobic environment
and promoted nitrogen-fixing enzyme activity (Serraj, 2003;
Gonzalez et al., 2015).

Nutrient composition of the soil and physicochemical factors,
such as soil organic matter (SOM), soil TN, soil total phosphorus
(TP), and electrical conductivity (EC) are soil factors that
significantly affect the rhizomes of legumes. In turn, the tumor
characteristics of the plant counteract soil quality (David and Khan,
2001; Massawel et al., 2016). Our study found that mixed cropping

frontiersin.org


https://doi.org/10.3389/fpls.2024.1375166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Luo et al.

significantly increased SOM, TN, nitrate-nitrogen, and
ammonium-nitrogen compared to oat monoculture, but nitrate—
nitrogen and ammonium-nitrogen contents were lower than those
in monoculture legumes. This may have occurred because nutrients
are released from the decomposition of withered material and root
rot of leguminous crops, while the nitrogen fixation of legumes
increases the number of beneficial microorganisms in the soil,
accelerates nutrient mineralization (Wardle et al, 2006; Deyn
et al., 2011; Zhao, 2014), and increases the organic matter content
in the soil, providing a favorable environment for crop growth
(Fontaine et al., 2003; Blagodatskaya and Kuzyakov, 2008; Bernard
et al, 2009). Second, oat and legume root interactions were
enhanced in the mixed cropping system and became closer as the
reproductive period progressed, with root secretions inducing
interactions between roots, soil microorganisms, and the
surrounding soil particles (Burns, 1982; Dennis et al, 2010).
Plant-secretion-enriched soil microorganisms play a key role in
the decomposition of SOM and nutrient cycling by releasing and
influencing various enzyme activities (Trasar-Cepeda et al., 2008;
Kabiri et al., 2016; Zhou et al., 2016). Third, N released by legumes
undergoes three pathways, including plant resorption-
denitrification and loss-soil microbial fixation (Nasholm et al,
2009; Cameron et al, 2013). The main form of N in legume
rhizome sediments is ammonium-N, which is converted to plant-
available nitrogen by nitrification (Lesuffleur et al., 2007; Paynel
et al,, 2008), resulting in increased levels of nitrate and ammonium-
N in mixed cropping systems.

The BNF rates of the three legumes varied significantly in the
different ecological zones, and the BNF rates of the three legumes also
varied significantly within the same ecological zone. The cultivation
patterns with the highest BNF rates in each region were HZ (YS), GN
(YC), and MY (Y]), respectively. This finding indicates that different
crops have different adaptability to the environment and that climatic
and soil factors affect nitrogen fixation in legume crops (Sprent,
1999). A rational cropping pattern will increase the nitrogen fixation
rate of the crop (Zang et al., 2015; Tsialtas et al., 2018). Smercina et al.
(2019) showed that BNF is cumulatively sensitive to environmental
changes that affect the growth and development of the aboveground
parts and the belowground root systems of crops (Smercina et al,
2019; Chun et al,, 2021). Intercropping improves N fixation (%Ndfa)
in legumes because legumes take up less N from the soil in
intercropping systems, which improves N fixation efficiency (Danso
et al,, 1987). This effect becomes more pronounced as grain density
increases (Fan et al,, 2018). This study showed that the YS cropping
pattern had the highest BNF and BNF contribution in the three
ecological zones, and in the mixed cropping system with oats, the
forage pea was at a disadvantage in the utilization of soil nitrogen
resources, stimulating its BNF and enabling oats to obtain more
ground nitrogen (Ingraffia et al., 2019). The N transfer rate and N
transfer of the three leguminous crops differed significantly in the
same ecological zone and also among the ecological zones of the same
cropping pattern. Of these, 11.38%-12.68%, 6.85%-9.77%, and
7.94%-11.65% of the nitrogen in oats from the mixed cropping
systems of YS, YJ, and YC came from S, J, and C, respectively. This is
due to differences in the characteristics of the different types of
legume nodules and root systems (Rao and Ito, 1998), changes in
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cropping patterns that can affect nitrogen fixation, and the different
ecological conditions that affect root secretions. In addition, there are
differences in soil nutrient cycling, the growth of aboveground parts
of plants, and the uptake and translocation of nitrogen from the crop
(Gupta et al,, 2006; Collino et al., 2015). A high N fixation rate did not
represent a high N transfer rate because N fixation is mainly
associated with nodulation in legumes (Weaver, 1987), whereas N
transfer is related to N uptake, the difference in N content between
oats and legumes, and the closeness of root contact between the two
(Stern, 1993; Shao et al., 2021).

Factors affecting nitrogen fixation and the nitrogen transfer rate
in legumes are complex, with the cropping environment, cropping
pattern, and crop type being the key factors (Rui et al.,, 2022). This
study showed that the cropping pattern and ecological zone
promoted BNF in legumes by increasing nitrogen-fixing enzyme
activity and ammonium-nitrogen content. In addition, the
ecological zone and cropping pattern improved the nitrogen
transfer rate in the legumes by increasing rhizome weight and
aboveground nitrogen content. In this study, we found that
Legume-grass mixtures can improve the biological nitrogen
fixation capacity of legume crops. By promoting rhizoma
formation and optimizing root morphology, it promotes crop
growth and development, increases soil nutrients and optimizes
resource allocation. We also found that Legume-grass mixtures
also affects root secretions, rhizobia, and nitrogen-fixing bacteria,
thereby altering the inter-root microcosm. However, the molecular
biological mechanisms by which nitrogen-fixing microorganisms
affect legume-grass mixtures are not yet clear and can be further
elucidated with the help of new technologies such as soil
macrogenomics and macrotranscript genomics.

5 Conclusion

Legumes reduce atmospheric nitrogen to plant-available nitrogen
(ammonia) catalyzed by nitrogen-fixing enzymes. Plants use
interspecific complementarity and interspecific competition to access
soil resources and promote the process of rhizomatous nitrogen
fixation through plant-root-soil interactions. This finding provides
further evidence that mixing legumes with oats is an effective
sustainable forage management practice. We found significant
differences in BNF rates of legumes grown with different types of
legumes and in different ecological zones, but overall, mixed cropping
significantly increased the BNF rates of legumes. In addition, high rates
of BNF did not represent high rates of nitrogen transfer. Our study
demonstrated the effects of the ecological zone and cropping pattern on
BNF and nitrogen transfer in alpine mixed-seeded grassland. These
results will help us to better understand nitrogen fixation and grass
interactions in alpine grassland ecosystems.
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Impact of seed rate and time of
sowing on rice fallow crops and
their sustainable production
system in machine-harvested rice
fields
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Research Station, Tamil Nadu Agricultural University (TNAU), Kovilpatti, Tamil Nadu, India,
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Institute (AC&RI), Tamil Nadu Agricultural University (TNAU), Madurai, Tamil Nadu, India, °Food
Science and Nutrition, ICAR- Krishi Vigyan Kendra (KVK), Madurai, Tamil Nadu, India

A field experiment was conducted at the Department of Agronomy, Agricultural
College and Research Institute, Tamil Nadu Agricultural University, Madurai to
study the performance of rice fallow crops in machine-harvested rice fields. The
primary objective of this study was to determine the optimal seed rate and the
time of sowing rice fallow crops in machine-harvested rice fields. Rice fallow crop
cultivation is the most significant low-cost production system in the delta region.
However, the sustainability of the system is uncertain in the context of mechanical
harvesting of rice using heavy machinery. The crops selected for the experimental
trial were black gram (Vigna mungo (L.) Hepper.), sesame (Sesamum indicum), and
proso millet (Panicum miliaceum). The field experiment was conducted using a
strip plot design. Rice fallow crops were arranged in vertical plots, while various
seed rates and sowing timings were arranged in horizontal plots. The results
indicated that the sowing time and seed rate significantly influenced the growth
and development of rice fallow crops in machine-harvested rice fields. On the
day of rice harvest, a 20% increase in seed rate (36 kg ha™) resulted in greater
grain and straw yield among the black gram treatments. The increased seed
rate compensated for the damage caused by mechanical harvesting on the day
of the harvest when a combine harvester was utilized, increasing the yield and
sustainability of the rice fallow crops.

KEYWORDS

blackgram, machine harvest, rice, rice fallow, sowing

1 Introduction

Rice is the cornerstone of Indian agriculture, accounting for 46.2 m ha of cultivated
area and producing 130.4 mt. A single rice crop, typically grown from August to January
and using long-duration rice varieties (155-165 days) and medium-duration rice varieties
during the rabi season, is harvested during the first fortnight of January and celebrated
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as a harvest festival in South India and the rest of India. The “Rice
Fallow Pulses” in the delta region are cultivated regularly after the
rice crop in Tamil Nadu from January to March, encompassing a
total area of 2.0 lakh ha and contributing significantly to pulse
production in the state. Pulses, particularly black gram or green
gram, are traditionally sown 7-10 days before the harvest of rice
under zero tillage conditions by utilizing the residual soil
moisture. The germinated pulse crop withstands disturbances
during manual harvesting of rice and thrives under paddy stubble,
which provides a favorable microenvironment. However, the yield
of rice fallow crops during this period typically ranges from 300
to 500 kg ha™', which is significantly lower than the potential yield
achievable under irrigation (Umamageswari et al., 2019).

The productivity of rice fallow crops is generally impeded by
various factors, including biological and environmental stresses,
inadequate crop management practices, and socioeconomic
limitations. The most significant constraint for rice fallow crops
is low soil moisture content after paddy harvest, along with a lack
of irrigation facilities (Kumari and Rahaman, 2021). Among these
factors, soil and water availability emerge as primary constraints
contributing to low yields. With irrigation typically withheld
10-15 days before rice harvest, soil moisture rapidly diminishes as
the crop cycle progresses. A notable period occurs in the second
half of February, when an increase in the temperature exacerbates
moisture stress, significantly impacting fallow crops during the
flowering and pod development stages.

Early maturity, rapid growth, early ground cover, and deep
roots have been recommended as desirable plant characteristics
for water-limited rice fallow conditions (Bandyopadhyay et al.,
2016; Hazra and Bohra, 2021). Ensuring an optimum plant
population is essential for increasing yields in rice fallow pulse
cultivation. Research suggests that diversifying rice fallows with
short-duration pulses or oilseeds is a viable option for horizontal
expansion, while also increasing productivity and profitability.
This approach also facilitates the growth of soil organic carbon
(SOC), nutrients, and microbial populations through nitrogen
fixation, leaf shedding, and higher biomass accumulation (Gautam
etal, 2021). In addition, pulses facilitate soil health restoration by
fixing atmospheric nitrogen (N) and increasing crop biomass,
which improves the soil organic carbon (SOC) status (Geethika
et al.,, 2024).

Traditionally, seeds are distributed manually 7-10 days before
the paddy harvest, when soil moisture is optimal. However, this
method often results in challenges, such as uneven germination
and plant distribution. Furthermore, the transition to machine
harvesting of paddy has introduced an additional challenge, as
machinery may inadvertently damage emerging pre-harvest sown
crop plants through trampling during the paddy harvest. As
mechanized harvesting becomes more prevalent, it not only alters
soil physical conditions but also disturbs the soil moisture status
in rice fallow cultivation. Consequently, rice fallow pulses are
predominantly restricted to this region, and farmers are reluctant
to cultivate rice fallow crops in machine-harvested rice fields. In
response to these challenges, the present study was conducted to
evaluate methods for mitigating mechanical damage and moisture
stress as well as for enhancing crop establishment, ultimately
aiming to increase the productivity of rice fallow crops.
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2 Materials and methods
2.1 Experimental site

A field experiment was conducted during the rice fallow
season of 2024 at the Agricultural College and Research Institute,
Tamil Nadu Agricultural University, Madurai, Tamil Nadu. The
study area has a subtropical climate characterized by distinct wet
and dry seasons, with an average annual rainfall of 970 mm. The
weather parameters of the experimental site are shown in
Figure 1. The mean maximum temperature reaches up to 35.2°C,
the minimum temperature drops to 18.9°C, and the pan
evaporation rate is 5.2mm, with relative humidity ranging
between 45 and 82%.

2.2 Treatment design

A total of 18 combinations were evaluated, including three
vertical strips and six horizontal strips. Rice fallow crops—V:
black gram, V,: sesame, and V;: proso millet—were arranged in
vertical strips. The time of sowing and seed rate for rice fallow
crops were as follows: H, - recommended seed rate 7 days before
harvest (RSR @7DBH), H, - recommended seed rate 1 day before
harvest (RSR@1DBH), H; - recommended seed rate on the day of
rice harvest (RSR on DRH), H,-20% increased seed rate 7 days
before harvest (20%ISR @7DBH), H;-20% increased seed rate
1 day before harvest (20% ISR @ 1DBH), and H¢-20% increased
seed rate on the day of rice harvest (20%ISR on DRH). The
treatment combinations were replicated three times. The
experimental soil texture was sandy loam with a pH value of 7.6,
organic carbon content of 0.47%, medium-available nitrogen
(212kgha™), available phosphorus (14kgha™'), and medium-
available potassium (189 kgha™). Black gram ADT 6, sesame VRI
5, and proso millet ATL 1 were utilized as test varieties. The seeds
were broadcast uniformly throughout the field manually as per
the treatment protocol. Data on crop growth and yield attributes
were recorded, with seed yield measured in kg plot™' and
converted to kg ha™". Soil profile moisture depletion was assessed
using the gravimetric method, with soil cores extracted at 0-5,
5-10, and 10-15cm depths on the day of sowing, 30 days after
sowing (DAS), and at harvest.

2.3 Experimental design

The experiment used a strip plot design with three replications
and a plot size of 5x5m for each combination of the rice fallow
crops. To facilitate efficient drainage for each plot, 0.5-m wide
irrigation channels were established between each strip. All
agronomic practices, including plant protection and fertilizer
management, were implemented according to the established
agronomic protocols (Chandrasekaran et al., 2010). As the seeds
were sown with a standing crop of rice, treatments were applied to
the respective plots during the last stage of field preparation,
according to the schedule. Statistical analysis was conducted
following the method proposed by Gomez and Gomez (1984).
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FIGURE 1
Weather data during rice fallow crop cultivation.
2.4 Biometric observations 2.7 Statistical analysis

The morphophysiological traits and growth attributes of rice
fallow crops were examined. The survival rate of the crops after the
standing rice crop was harvested with a combine harvester was
also determined. Five plant samples were randomly selected from
each plot at different phenological stages, specifically 20 and
60 days after sowing (DAS), to assess the impact of various seed
rates and sowing times on the growth and yield of rice fallow
crops. During sample collection, precautions were taken to prevent
root damage. The shoot and root lengths of the selected plants
from each plot were measured using a measuring scale. Moreover,
20 days
was determined.

after sowing, the plant density per unit area

2.5 Moisture content estimation

Soil moisture availability was measured using oven drying
methods on the day of sowing, as well as at 20 and 60 days after
sowing (DAS).

2.6 Estimation of soil nutrients

Soil samples were collected from each plot before land preparation
and after harvest during the cropping season. Soil samples were
obtained at a depth of 15cm, shade-dried, and subsequently
transported to the laboratory for further analysis. The quantities of
available nitrogen (N), phosphorus (P), and potassium (K) were
determined using the modified macro Kjeldahl method (Model
KELPLUS Elite EXVA) (Gangopadhyay et al., 2022), the Olsen method
(Olsen, 1954), and the flame photometer method (Black et al., 1965),
respectively.
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Two-way ANOVA was used to determine the significant
differences in crop growth characteristics, yield attributes, and yields
among the various treatment combinations. All statistical analyses
were performed using R statistical software.

3 Results and discussion
3.1 Soil available moisture

Rice fallow crops are cultivated with residual moisture beneath the
soil and supplemented with dew during the cropping season. During
the rice fallow season, irrigation facilities are typically unavailable, and
rainfall is scarce. Therefore, crop growth and development depend on
the effective utilization of carryover residual soil moisture (Kar and
Kumar, 2009). The results of moisture content estimation revealed that
the moisture content of the soil was approximately 60.3% at the time
of sowing and gradually decreased to 36.7 and 16.5% at 20 and 60 DAS
(days after sowing), as shown in Figure 2. Severe stress inhibits both
legume dry matter accumulation and proportional dependence on
symbiotic N fixation as a source of N (Gull et al., 2020). Moisture
depletion of up to 53.6% was recorded because it did not affect the
growth of black gram, which matures at 60 DAS and is resistant to
moisture stress. Midseason drought and heat stress can lead to early
maturity and a reduction in grain yield by 50% in the tropics. This is
more pronounced in the absence of rainfall during the fall or winter
(Ali, 2015). The trend in the soil moisture content revealed that the
soil retained a high moisture content due to ground cover by black
gram, whereas the decrease in the moisture content in sesame and
proso millet was predominantly due to less ground cover, mainly from
narrow and erect leaves. Therefore, black gram is considered an ideal
plant type for growing under rice fallow conditions.
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Available soil moisture during the rice fallow season.

3.2 Growth attributes

Data on the growth attributes of black gram, sesame, and proso
millet indicated that plant population was higher in rice fallow black
gram than in sesame and proso millet (Figure 3). The black gram with a
20% increase in the seed rate sown on the day of paddy harvest with the
combine harvester had the maximum plant population m~ (29.3 plants),
which was comparable to the recommended sowing rate of black gram
on the day of paddy harvest with the combine harvester and the sowing
of black gram with a 20% increase in the seed rate a day before rice
harvest. The ideal plant population for black gram is 32 plants m™, and
the tested treatment, which included a 20% increase in seed rate on the
day of harvest, produced results similar to those recommended. In the
case of sesame, the plant population increased with a 20% increase in
seed rate on the day of paddy harvest using a combine harvester. Unlike
manual harvesting, machine harvesting of paddy causes damage to
establishing pulse plants due to the trampling effect of wheels during field
traversal (Subrahmaniyan et al., 2023). Crop establishment was poor,
with proso millet (V3) being sown on the day of paddy harvest. The plant
population per unit area was greater when the broadcasting method was
used, as opposed to using seed drills in rice fallow for black gram
(Amuthaselvi et al,, 2019). Regardless of the type of crop, sowing on the
day of rice harvest was found to be superior in terms of greater plant
population. Therefore, in future, it may be feasible to carryout the sowing
of rice fallow crops at the time of harvest.

A taller plant was obtained by sowing a 20% increase in the
recommended rate of black gram seeds on the day of rice harvest at 20
DAS (13.7cm) and 60 DAS (34.7 cm). Similarly; a taller sesame plant was
obtained by sowing a 20% increase in the seed rate on the day of rice
harvest at 20 DAS (23.4cm) and 60 DAS (82.3 cm). Shorter plants were
observed when the recommended seed rate of sesame was sown 7 days
before rice harvest at 20 DAS (20.5cm) and 60 DAS (79.4cm). Taller
proso millet plants were obtained by sowing a 20% increase in seed rate
on the day of rice harvest at 20 DAS (1.83 cm) and 60 DAS (17.8cm). The
shorter plant observed in the proso millet was sown at the recommended
seed rate of sesame 7 days before the rice harvest at 20 DAS (16.0cm) and
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60 DAS (34.5cm) (Table 1). The moisture conditions provided by rice
residue enhanced the growth of black gram during the early stages. The
leaf area index was greater with a 20% increase in seed rate on the day of
paddy harvesting with the combine harvester for all three rice fallow
crops: black gram (1.42), sesame (1.83), and proso millet (1.98). This was
followed by sowing the rice fallow crops with a 20% increase in seed rate
a day before rice harvest in black gram (1.39), sesame (1.77), and proso
millet (1.78). The leaf area index was found to be lower when the
recommended seed rate was sown 7 days before the rice harvest in the
rice fallow crops. The growth characteristics of the rice fallow crops
indicated that sowing black gram with a 20% increase in seed rate on the
day of the harvest was the ideal combination for effective ground cover
and improved growth of the rice fallow crops.

3.3 Yield attributes

The experimental results of the rice fallow crops in machine-
harvested rice fields revealed that sowing black gram on the day of paddy
harvest produced more pods plant™ (13.7), followed by sowing a day
before the harvest (10.2), which was similar to the normal seed rate on the
day of the harvest. In the case of sesame, a greater number of capsules
plant™ was recorded when broadcast-seeded on the day of paddy harvest
using a combine harvester (25.4 plant™). For the proso millet, the
maximum number of panicles was 5.0 plant™, as observed during the
paddy harvest using a combine harvester. The number of pods plant™
varies significantly among different crop establishment methods, as lower
populations per unit area may not favor per-plant yield parameters.
Hence, the results indicate that plant density is an important characteristic
for determining yield attributes under fallow conditions. This is due to the
poor root establishment in plants that were sown before harvest and
subjected to mechanical damage. No significant variation among the
different treatments was observed for the number of seeds in pod-', the
number of seeds in capsule™, or the number of seeds in panicle™. As
crops are grown on residual moisture under rainfed conditions, terminal
drought severely affects crop productivity (Ali et al., 2014).

Among the rice fallow crops, black gram had the highest grain and
haulm yields, with a mean grain yield of 493kgha™" and a mean haulm
yield of 826kgha™". Sesame produced a mean grain yield of 243kgha™"
and a mean haulm yield of 392kgha™". Proso millet produced a mean
grain yield of 172kgha™" and a mean straw yield of 434kgha™". The grain
and straw yields were greater when black gram was broadcast on the day
of the paddy harvest using a combine harvester. The higher yield of black
gram was due to the effective mechanical dibbling of seeds by the
combine harvester on the day of the harvest, which resulted in less seed
damage and better utilization of residual moisture for crop growth and
development (Table 2). Poor yield was observed in proso millet seeds
because they were subjected to terminal drought and poor root
establishment due to increased bulk density caused by the trampling
effect of the combine harvester.

3.4 Soil nutrient status

Appropriate inclusion of summer legume crops in cereal rotation
systems is an important aspect of N and C management in fragile soils
(Prasad and Nagarajan, 2004). Post-harvest soil analysis (Figure 4)
revealed that the soil samples from the rice fallow black gram contained
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FIGURE 3
Plant population of rice fallow crops.

TABLE 1 Effect of seed rate and the time of sowing on the growth attributes of the rice fallow crops.

Crops Black gram Sesame Proso millet
Parameters Plant height LAI Root Plant height LAI Root Plant height LAI Root
(cm) length (cm) length (cm) length
(cm) (cm) (cm)
Days of 20DAS 60 20DAS 20DAS 20DAS 60 20DAS 20DAS 20DAS 60 20DAS 20DAS
observation DAS DAS DAS
H,-RSR @7DBH 114 30.3 1.29 15.0 205 79.4 117 16.1 16.0 345 1.21 11.9
H,-RSR @1 DBH 12.0 32.2 1.36 16.0 214 80.4 147 17.8 16.5 36.2 1.82 13.0
H,-RSR on DRH 132 33.6 1.37 16.7 22.0 815 1.59 187 16.7 37.8 1.80 13.6
H,-20% ISR @7DBH 117 324 1.34 159 20.9 80.5 1.23 17.6 16.1 36.9 1.64 12.0
H.-20% ISR @1 DBH 126 33.4 1.39 16.5 22.9 81.8 177 19.0 17.2 37.2 1.78 14.0
H,-20% ISR on DRH 137 34.7 1.42 17.0 234 82.3 1.83 19.9 17.8 39.8 1.98 14.4
Mean 124 32.8 1.36 162 21.9 81.0 1.51 18.2 16.7 37.1 171 132
S.Ed 0.57 0.11 0.004 0.05 0.07 0.08 0.01 0.09 0.04 0.13 0.01 0.06
CD (p=0.05) 114 0.25 0.006 0.10 0.14 021 0.03 0.19 0.09 026 0.039 0.11
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TABLE 2 Effect of seed rate and the time of sowing on the grain yield (kg ha™) and straw yield (kg ha™) of rice fallow crops.

Crops/seed Black gram Sesame Proso millet
rates and days . . : .
of sowing y Pods Grain Straw Capsules Grain Straw Panicles Grain Straw
plant yield yield plant? yield yield plant? yield yield
(kgha™) (kgha™) (kgha™) | (kgha™) (kgha™) (kgha™)
H,-RSR @7DBH 5.2 368 804 15.0 195 340 1.0 129 406
H,-RSR @1 DBH 8.0 440 810 18.0 234 390 23 144 430
H,-RSR on DRH 10.0 507 840 20.0 248 407 3.0 177 447
H,-20% ISR @7DBH 6.0 470 811 16.0 241 392 2.1 164 425
H,-20% ISR @1 DBH 10.0 577 842 223 256 405 34 189 445
H,-20% ISR on DRH 13.0 592 851 25.0 280 418 5.2 227 454
Mean 8.6 493 826 19.3 243 392 2.83 172 434
S.Ed 0.18 5.6 117 0.25 212 1.95 0.11 245 1.70
CD (p=0.05) 037 11.2 235 0.5 4.25 3.9 021 4.90 2.34
o
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FIGURE 4
Soil nutrient content after harvesting rice fallow crops.
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the highest quantity of nitrogen (239kgha™), followed by sesame
(199kgha™") and proso millet (183 kgha™). Similar results were observed
when cereal-cereal sequences were used for longer periods with low
system productivity and often with poor crop management practices,
resulting in a loss of soil fertility due to the emergence of multiple
nutrient deficiencies (Dwivedi et al, 2017). A greater amount of available
nitrogen in the soil was found in the soil samples from the rice fallow
black gram plot because pulses can fix atmospheric nitrogen by
nodulating bacteria. The soil samples from rice fallow, sesame, and proso
millet did not have the same conditions. The inclusion of pulses in rice
fallows can reduce the overall nitrogen (N) requirement for rice while
increasing rice yield, residual N content, and total income from the land
(Hariharan et al,, 2022). Therefore, the experimental results revealed that
rice fallow cultivation is an ideal practice in delta regions, where high
yields and high incomes may be achieved under farming conditions.
Advancements in agriculture, such as mechanical harvesting of
paddy, adversely affect rice fallow crops, and farmers are psychologically
hesitant to cultivate rice fallow crops under these conditions. In this
context, black gram has been found to be an ideal crop for machine-
harvested rice fields. Sowing on the day of rice harvest resulted in
mechanical dibbling with high germination, which is effective for both
below- and above-ground growth and development. An increased seed
rate of 20% is required to compensate for the mechanical damage caused
by machine harvesting under fallow conditions. Black gram sown with
a20% (36kgha™) increase in seed rate on the day of rice harvest was
found to be the best combination for rice fallow crops in machine-
harvested rice fields. The same approach can be recommended for delta
areas where rice fallow crops are part of the traditional system. The
inclusion of pulses in cereal-based crop rotations enhances input use
efficiency and is considered a resource conservation technology.
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Adopting sustainable agricultural practices that enhance productivity while
preserving ecosystem services is essential to ensure food security for a growing
global population and address environmental challenges. This review examines
the impact of legume intercropping on nitrogen (N) fixation, soil physio-chemical
properties, water retention, pest and disease control, and crop yield across diverse
agro-climatic zones and cropping systems. The findings consistently demonstrate
that integrating legumes into the cropping system improves soil health by reducing
bulk density, breaking up hardpan layers, reducing erosion, increasing soil organic
matter, and fixing atmospheric nitrogen (~125 kg N/ha/season) reducing the need
for inorganic N fertilizers. It boosts crop yields by 30—-35% (in terms of main crop
equivalent yield) and land productivity per unit area and time, mitigates total
crop loss, and promotes biodiversity. It also improves water use efficiency by
20-25% and enhances nutrient use efficiency by 25-30%. Additionally, lequme
intercropping reduces yield losses from pests and diseases by 20-25% compared
to sole cropping systems. The practice bolsters crop resilience through ecological
processes like bio-littering, bio-ploughing, bio-irrigation, and bio-pumping (the
"4Bs"), which are valuable for adapting to climate variability. However, research
gaps remain, particularly in the optimal selection of lequme species for specific
regions, suitable agronomic practice for each system, and addressing socio-
economic barriers to widespread adoption.
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1 Introduction

The Food and Agriculture Organization (FAO) estimates that by
2050, food production must grow by 70% from 2005 to feed a
population of 9.7 billion (Falcon et al., 2022). The modern input-
intensive monoculture has boosted food production and self-
sufficiency (Belete and Yadete, 2023) but it relies heavily on synthetic
fertilizers and pesticides, leading to declining soil health, groundwater
depletion, pest and disease outbreaks, environmental problems like
eutrophication, greenhouse gas (GHG) emissions, and biodiversity
loss (Mrabet, 2023; Ahmed et al, 2022). These challenges,
compounded by increasing climate vulnerability, further threaten
sustainability. Therefore, sustainable farming strategies are critically
needed to increase food production while minimizing
environmental harm.

In response to these challenges, researchers and practitioners are
advocating for a transition to more resilient and efficient cropping
systems that ensure long-term food security without harming the
ecosystem (Glaze-Corcoran et al,, 2020). Crop diversification, through
the introduction of various crops in temporal and spatial
arrangements, has emerged as a promising strategy for enhancing
agroecosystem health and sustainability (Stomph et al., 2020). Cover
crops are plants grown between main crops to improve soil health and
protect the land from soil erosion during the off-season. These crops
are not harvested for profit. Crop rotation is the practice of planting
different crops in the same field in successive growing seasons.
Intercropping is the cultivation of more than one crop simultaneously

on the same piece of land with a defined row pattern. Intercrops

Frontiers in Sustainable Food Systems

provide benefits like additional income and insurance against total
crop failure. Agroforestry is a land-use management system that
combines agricultural crops with trees and shrubs.

Practices like cover cropping, crop rotation, intercropping, and
agroforestry significantly improve ecosystem services, such as
enhancing soil fertility, increasing water infiltration, reducing erosion,
sequestering carbon, and supporting biodiversity (Barman et al.,
2022). These practices also conserve soil moisture, reduce synthetic
nitrogen (N) fertilizer requirements, lower fossil energy consumption,
and suppress weeds and pests (Duchene et al., 2017; Bybee-Finley and
Ryan, 2018; Stomph et al,, 2020). All these benefits are derived mainly
by incorporating legumes in cropping systems. Among crop
diversification methods, legume intercropping has garnered significant
attention due to its numerous ecological and economic advantages.
Legume symbiosis with rhizobial bacteria converts atmospheric
nitrogen (N,) into plant-available forms such as ammonium (NH,")
and nitrate (NO;"), enriching soil N levels and reducing the need for
external N inputs (Bybee-Finley and Ryan, 2018). This natural process
lowers the environmental impact of agriculture and enhances soil
fertility besides promoting sustainability (Stagnari et al., 2017). In
addition to N fixation, legumes contribute to improving soil health
through various mechanisms. These mechanisms are classified into
four ‘B’s viz, bio-littering, bio-ploughing, bio-irrigation, and
bio-pumping (Delaquis et al., 2018).

Bio-littering refers to the accumulation of organic residues like
leaves and stems on the soil surface. As these residues gradually
decompose, they enrich the soil with nutrients and organic matter,
thereby improving its fertility. Bio-ploughing occurs when deep-rooted
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plants loosen and aerate compacted soil layers, enhancing root
penetration and water infiltration. Similarly, bio-irrigation improves
soil water availability by facilitating water movement, ensuring optimal
moisture distribution in the soil. Finally, bio-pumping allows deep-
rooted plants to draw nutrients and water from the subsoil,
redistributing them to the topsoil to benefit companion crops. While
the benefits of legume intercropping are well-documented, its adoption
remains limited in many regions due to a range of technical, socio-
economic, and policy-related challenges (Delaquis et al., 2018).
Overcoming these barriers requires a multifaceted approach that
includes improving farmer access to knowledge, resources, and
support systems. Providing region-specific guidance on legume
intercropping techniques, tailored to local soil and environmental
conditions, can help maximize its effectiveness. Additionally, fostering
collaboration between researchers, policymakers, and farmers can
address socio-economic and policy constraints, creating an enabling
environment for wider adoption (Kumawat et al., 2022). This review
evaluates the role of legume intercropping in improving soil health,
resource use efficiency, and crop productivity across diverse agro-
ecological conditions, positioning legume intercropping as a “win-win
solution” to address the challenges of food security, environmental
sustainability, and climate change. It also explores optimal crop
combinations and socio-economic barriers to its broader adoption
and recommends suitable interventions to overcome existing barriers.

2 Selection of literature

For this review, 511 research articles and book chapters on
legume intercropping were gathered from the Web of Science using

10.3389/fsufs.2025.1527256

keywords such as intercropping, N fixation, nutrient cycling,
resource utilization, soil conservation, and climate change
resilience. Articles unrelated to climate change resilience, those
lacking a focus on N fixation, and certain book chapters were
excluded, reducing the pool to 300. A detailed examination of 240
articles followed, specifically focusing on biological nitrogen
fixation (BNF) and its role in environmental stability and
sustainability. Figure 1 presents the PRISMA flow chart illustrating
the systematic review process.

3 Improving resource use efficiency
through legume intercropping

Legume intercropping enhances climate resilience by
improving resource efficiency and natural suppression of pests,
pathogens, and weeds, which in turn boost farm profitability
despite increased management complexity and labor needs
(Stomph et al., 2020). Intercrops occupy different spatial niches and
achieve higher combined productivity than monocultures, resulting
in greater yield and economics per unit area (Ahmed et al., 2022).
Efficient intercrops often have complementary solar radiation
needs, for example, shade-tolerant plants thrive beneath shade-
2023).

Intercropping maize and peanuts helps to augment the yield up to

intolerant crops, optimizing space (Sahoo et al,

44% more than their respective monocultures. Maize initially
outcompetes peanuts, but peanuts recover yield potential after
maize harvest. Plants with different root structures utilize various
soil layers for nutrients and water, reducing weed pressure and
management needs and further decreasing land requirements
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FIGURE 1
PRISMA flow chart for a systematic review process.
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Legume intercropping boosts resource use efficiency by enhancing interspecific facilitation and niche differentiation (adapted from Yang et al., 2021).

compared to separate monocultures at similar densities (Temesgen
2016).
enhances resource use efficiency by promoting interspecific

et al, Figure 2 illustrates how legume intercropping

facilitation and niche differentiation.

3.1 Pest and pathogen suppression

Intercropping typically reduces pest pressure compared to
monocultures by hindering pests ability to locate a host plant.
Intercrops obstruct pest foraging, camouflage crops, and mask plant
odors, making it harder for pests to find targets. For example, when
peas and wheat were intercropped, the visual consistency of the wheat
field was broken by the contrasting leaves of peas. The pests like wheat
aphids found it more difficult to find and target the wheat as a result
of this visual disturbance (Aziz et al., 2015). Aerial pests are more
likely to land on unsuitable plants in diverse intercrops, reducing their
search efficiency and increasing the likelihood of predation before
finding a suitable host (Mir et al., 2022). When maize is intercropped
with Desmodium and napier grass is planted around the field, it repels
maize stem borer (Busseola fusca). The stemborer moths often land on
the Desmodium plants, which are unsuitable hosts, thereby delaying
their search for maize plants. This delay increases their exposure to
natural predators (Rahman, 2021). Similarly, perennial peanuts and
coriander lower whitefly populations and reduce yellow mottle virus
in tomato crops.

Intercropping reduces disease incidence by altering microclimates,
suppressing virus vectors, diluting host plant pools, and fostering
plant-soil feedbacks that inhibit them (Huss et al., 2022). For example,
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living mulches like buckwheat or white clover between squash rows
enhance natural enemies and reduce aphid and whitefly colonization,
limiting pathogen spread (Razze et al., 2016). Meta-analyses by Li
et al. (2023) showed that legume/grain intercropping reduces
pathogen incidence by 34%. Besides harboring pathogens, oilseed/
legume intercrops also suppress soil fungi, nematodes, and weeds
through allelopathy. Allelopathic chemicals produced by legumes,
such as phenolic acids and flavonoids, suppress weed germination and
growth. Groundnut (Arachis hypogaea) residues have been shown to
reduce weed density in intercropping systems by releasing phenolic
compounds, including p-coumaric acid, ferulic acid, and caffeic acid,
2020).

A meta-analysis by Chadfield et al.

into the soil (Prasad et al.,
(2022) revealed that
intercropping reduces plant-parasitic nematode damage by 40% and
disease incidence by 55% by influencing factors like fertilization and
crop family. Despite yield reductions from intercrop competition,
nematode control offset losses, making intercropping a viable strategy.
By enhancing system resilience against biotic stresses, intercropping
reduces yield losses by 40-55%, providing significant benefits for
sustainable agriculture. This approach enhances biodiversity by
supporting beneficial insects, birds, and soil organisms, which boosts
ecosystem services and farming sustainability (Duru et al., 2015).
Intercropping cowpea with cotton lowers sucking pests, and
groundnut with upland rice minimizes stem borers (Chilo zacconius)
and green stink bugs (Nezara viridula). Intercropping peanuts with
beans cuts pest incidence of cotton jassid by 30 to 50%, and in
soybean-maize intercropping, the incidence of Spodoptera in maize is
reduced from 15 to 35% (Pierre et al., 2023). 1
impact of intercropping on pest and disease control with associated

able 1 displays the

yield increments.

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1527256
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Akchaya et al.

10.3389/fsufs.2025.1527256

TABLE 1 Impact of legume intercropping on pest and disease control with associated yield increments.

Primary crop Intercrop Pest/Disease Method of Yield gain (%) References
controlled control
Maize Beans Fall armyworm (P) Disruption of pest 17% Midega et al. (2018)
movement
Groundnut Sorghum Aphis craccivora (P) Natural pest repellence 13% Balikai et al. (2020)
Cassava Maize Cassava mosaic virus (D) Reduced virus spread due 14% Houngue et al. (2019)
to mixed canopy
Sunflower Soybean Sunflower helianthus rust Diversion of disease to 16% Soto et al. (2020)
(D) non-economic plant
Wheat Clover Wheat aphid (P) Biodiversity increases 20% Storkey et al. (2019)
natural enemies
Pearl millet Groundnut Downy mildew (D) Improved air circulation 22% Thakur et al. (2011)
reducing humidity
Pea Barley Powdery mildew (D) Physical barrier and 14% Devi et al. (2022)
habitat modification
Maize Cowpea Stem borer (P) Disruption of pest habitat 15% Mutyambai et al. (2022)
Cotton Groundnut Bollworm (P) Groundnut attracts 25% Rajendran et al. (2018)
natural predators

P, Pest; D, Disease.

3.2 Improving water use efficiency

Incorporating legumes with cereals has been shown to enhance
water use efficiency (WUE) by 25% over monocultures by optimizing
water uptake and reducing soil evaporation, particularly during
drought conditions (Fernandez-Ortega et al., 2023). Mupangwa et al.
(2021) demonstrated a 25% improvement in WUE in maize-groundnut
intercropping systems compared to monoculture maize. This
enhancement was attributed to the groundnuts shallow rooting
pattern, which effectively utilized surface moisture, minimizing
competition for subsoil water required by maize. Similarly, Dai et al.
(2019) highlighted the benefits of sorghum-cowpea intercropping,
where cowpea roots predominantly exploited surface moisture,
allowing sorghum to access deeper soil water reserves. This
complementary root system facilitated efficient water partitioning and
significantly reduced competition between the crops. Venkatesh et al.
(2010) reported that lucerne intercropped with maize lifted significant
quantities of water from deeper soil horizons, which was subsequently
utilized by maize during periods of limited rainfall.

Pulse crops, such as chickpeas and lentils in northern and central
India, and mung bean, urd bean, cowpea, and lentil in southern,
eastern, and northeastern India, are highly water-efficient. These
crops thrive on residual soil moisture and typically require less
irrigation than rice, which needs 5-6 irrigations in the same period
(Kumar, 2023). Due to their distinct morphology and physiology,
pulses not only have a lower water demand but also demonstrate a
higher WUE compared to cereals and oilseeds. Additionally, deep-
rooted legumes like lucerne and clovers effectively mitigate
waterlogging by extracting moisture from deeper soil layers (Jordan,
2022). Among all pulses, dry peas exhibited the highest WUE
(8.3 kgha™ mm™"), whereas chickpeas showed the lower WUE
(5.62kgha™ mm™) (Wang et al, 2012). This hydraulic lift
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mechanism of legumes, where deep-rooted plants like legumes
redistribute water from deeper soil layers to drier topsoil at night, and
nutrient-efficient intercropping, underscores the potential of
leguminous systems to improve resource efficiency, optimize water
use, and enhance crop performance, particularly in low-input and
rainfed agriculture. The impact of legume intercropping on improving
resource use efficiency is summarized in Table 2.

3.3 The four '‘B's concept for leguminous
crops

The concept of the four ‘B’s viz., bio-littering, bio-ploughing,
bio-irrigation, and bio-pumping provides an innovative framework
for understanding the benefits of leguminous crops in sustainable
agriculture. Legumes, offer multiple harvests, improve soil fertility,
and enhance nutrient and moisture levels in the soil. Known for
their high drought tolerance and biomass productivity, these crops
serve as an excellent source of fodder and soil enrichers, thereby
supporting soil health and promoting sustainable farming practices
amid climate variability and drought conditions (Chitraputhirapillai
et al., 2022). Figure 3 demonstrates the four ‘B’s concept,
illustrating how leguminous crops enhance resource use efficiency.

Among these practices, bio-ploughing is an effective soil structure
improvement technique in which the deep-rooting abilities of
leguminous crops such as pigeon pea (Cajanus cajan) and cowpea
(Vigna unguiculata) alleviate the problem of soil compaction
(Chitraputhirapillai et al., 2022). By penetrating compacted soil layers,
these crops create micropores that enhance water infiltration and
improve soil structure (Dugassa, 2023). Bio-ploughing not only loosens
the soil but also reduces soil erosion by increasing infiltration rates
(Priori et al., 2020). Additionally, intercropping leguminous crops like
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TABLE 2 The influence of legume intercropping on improving resource use efficiency.

WUE under WUE undue NUE under NUE under Bio- % yield over References

monocropping

Intercropping Bio-littering Bio-irrigation Bio-pumping

monocropping intercropping monocropping intercropping ploughing

SW21SAS POO4 91RUIRISNS Ul SI913UOI

610" uISIa13U0y

(%)

(%)

(%)

(%)

56

Maize + Cowpea 15.4% 20% 20% 25% Enhances root Increases OM Improves water Recycles deep N 30% Tamta et al.
penetration infiltration (2019)
Wheat + Chickpea 18.7% 22% 22% 28% Loosens compact | Boosts soil fertility | Reduces evaporation Makes P bioavailable 32% Betencourt et al.
soil (2012)
Sorghum + Pigeon 20% 25% 25% 30% Breaks up soil Adds N-rich litter | Deep roots enhance | Accesses deep 35% Phiri and Njira
pea compaction water retention nutrients (2023)
Barley + Lentil 16.0% 18% 20% 22% Improves aeration | Improves SOC Reduces water stress | Pumps up 28% Tosti et al.
of soil micronutrients (2023)
Rice + Mung bean 18.2% 23% 24% 29% Enhances water Increases litterfall Conserves soil Improves K 33% Li et al. (2009)
percolation moisture availability
Cotton + Groundnut 19.1% 24% 22% 26% Enhances soil tilth | Recycles crop Enhances capillary | Mobilizes P and zinc 34% Reddy and
residue nutrients rise of water Mohammad
(2009)
Pearl millet + 21.5% 27% 25% 30% Facilitates soil Improves nutrient | Improves water Increases N uptake 36% Indoria et al.
Cowpea aeration cycling availability (2016)
Sugarcane + 20.7% 25% 23% 28% Enhances subsoil | Adds OM Reduces water loss | Brings up 35% Singh (2008)
Soybean porosity micronutrients
Maize + Groundnut 17.0% 22% 21.0% 27% Enhances nutrient | Adds N and carbon | Prevents erosion Pumps deep 31% Mubarak et al.
mobility to soil minerals like Mg (2002)
and P
Wheat + Pea 16.7% 20% 19% 23% Breaks hardpan Contributes to N Retains soil moisture | Increases nutrient 30% Rathi et al.
build-up availability (2024)
Finger millet + 18.0% 24% 23% 29% Increases root Enhances nutrient | Promotes water Enhances P and K 33% Peter et al.
Cowpea penetration recycling storage (2024)
Sunflower + 16.0% 21% 20% 26% Increases soil Adds organic Retains water in dry | Pumps essential 34% Shatkovskyi
Chickpea porosity residues periods nutrients etal. (2022)
Maize + Soybean 19.3% 26% 22% 28% Loosens soil Returns high N litter | Improves soil Mobilizes deep soil 35% Ning et al.
moisture N (2022)
Sorghum + 16.6% 22% 23% 30% Reduces soil Recycles OM Reduces water Pumps P from 33% Mohanty et al.
Groundnut compaction requirements deeper layers (2024)
Barley + Faba bean 18.5% 23% 22% 28% Enhances root Improves N Enhances water Pumps up nutrients 32% Fouda et al.
depth availability retention (2022)
(Continued)
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faba bean (Vicia faba), clover (Trifolium spp.), and pigeon pea (Cajanus
cajan) with mustard (Brassica spp.), rye (Secale cereale), and oats
(Avena sativa) and organic amendments addition has shown to increase
soil health and resilience by approximately 35% (Raihan, 2023). This
approach reduces the need for mechanical tillage, which in turn lowers
fuel consumption and GHG emissions while also supporting sustained
improvements in soil organic carbon (SOC) and microbial biomass
over multiple cropping seasons (Kumar, 2023). Therefore,
bio-ploughing offers a sustainable alternative to conventional soil
management methods by enhancing soil structure, water infiltration,
and overall agricultural sustainability under legume intercrop systems.

Bio-littering, another beneficial practice, enhances soil health and
agricultural productivity by providing a renewable source of organic
matter (OM) and nutrients, thereby reducing the reliance on synthetic
fertilizers (Mugi-Ngenga et al., 2022). This practice supports sustainable
agriculture by fostering soil fertility, promoting environmental
sustainability, enhancing nutrient cycling, and reducing GHG emissions
(Tahat et al,, 2020). Bio-littering of legumes adds OM to the soil through
leaf litter and root residues, which increases SOC and N levels and
supports higher yields for subsequent non-leguminous crops in
rotational systems. Moreover, legume crop litter significantly contributes
to nutrient levels in the soil. For instance, Hu et al. (2023) reported that
alfalfa (Medicago sativa) litter supplies approximately 35 kg N ha™,
while Jensen et al. (2020) reported a N contribution of up to 85 kg ha™
from faba bean (Vicia faba) and clover (Trifolium spp.) litter. In total, N
from legume litter, stems, and seeds can reach up to 150 kg ha™', with
about 30% of this N returned to the soil (Wang J. et al., 2024).

Pulse crop residues supply between 20 and 80 kg N ha’!,
accounting for around 70% of biologically fixed N, depending on the
crop and environmental conditions (Lal, 2017). Sequential cropping
systems with a preceding pulse crop can add between 18 to
70 kg N ha™ to the soil, reducing fertilizer needs by 25-30% (Kaur
and Singh, 2022). Specifically, faba beans and lentils contribute around
39 kg N ha™' and 40 kg N ha™’, respectively, through their residues,
further improving soil fertility (Lalotra et al., 2022). Intercropping
legumes such as chickpeas with cereals like durum wheat has been
shown to lower soil pH, enhancing phosphorus (P) solubility and
availability (Sharma et al., 2023). Studies have reported a 28.5%
increase in available P in the rhizosphere of intercropped systems
compared to monocultures (Souid et al, 2024). Additionally,
intercropping legumes with cereals is associated with higher biomass
production and improved grain yields.

Bio-irrigation and pumping, facilitated by the hydraulic lift
mechanism in deep-rooted leguminous crops, offer additional benefits
in intercropping systems, particularly in semi-arid or rainfed
conditions. The hydraulic lift can provide an additional 25-40 mm of
water to the topsoil during dry periods, benefiting shallow-rooted
companion crops in intercrop systems (Caldwell and Richards, 1989;
Fenta et al., 2022; Kumar and Boraiah, 2022). A study conducted on
hydraulic lift in Cullen pallidum and Medicago sativa showed an
improvement in water availability and survival of interplanted
Trifolium subterraneum under dry topsoil conditions. T. subterraneum
maintained similar or slower declines in leaf water potential compared
to well-watered plants, depending on the interplanted species. Despite
alleviated water stress, nutrient uptake in T. subterraneum was not
enhanced by hydraulic lift (Pang et al., 2013). Research indicates that
alfalfa’s hydraulic lift can increase upper soil moisture by up to 15%
(Wang Y. et al., 2024), while deep-rooted legumes can boost water
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availability for neighboring finger millet by approximately 20% (Singh
et al., 2020).

4 Nitrogen fixation through legume
intercropping

Nitrogen is vital for plant growth and productivity, with most
research focusing on BNF in grain legumes, as they obtain up to
75% of their N needs from atmospheric sources (Zhao et al,
2022). Cereal + legume intercropping systems often enhance
nutrient dynamics by improving N uptake and overall nutrient
status. In these systems, legumes fix atmospheric N,, which
benefits nearby cereal crops through mechanisms like root
interactions, root exudation, and mycorrhizal associations,
ultimately increasing N efficiency (Lan et al., 2023). By fixing
atmospheric N,, legumes contribute to soil N replenishment and
nutrient recycling, thriving under low inputs and adverse
conditions (Kebede, 2021). For example, wheat + soybean, maize
+ faba bean, barley + pea, and sorghum + soybean intercropping
systems show significant N acquisition improvements compared
to sole cropping. Faba bean + maize intercropping showed a 72%
increase in N acquisition, underscoring its efficiency in N
assimilation (Zhao et al., 2022).

Globally, BNF in cereal-based cropping systems contributes
around 50 teragram (Tg) of annual N fixation, with 34.4 Tg originating
from grain legumes and 15.6 Tg from non-symbiotic sources (de
Moissac, 2020). Legume intercropping systems are valuable for soil
fertility, fixing around 150 tons of atmospheric N, annually and
enhancing soil conservation through increased ground cover
compared to monocultures (Ananthi and Parasuraman, 2021). BNF
converts atmospheric N, into ammonia (NH;) with the help of
rhizobia, meeting up to 80% of the legume N needs (Guo K. et al.,
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2023) and reducing synthetic N inputs by 70-90%, thereby promoting
sustainable agriculture (Ladha et al., 2022). This process also enhances
soil N retention in maize-legume intercropping systems and reduces
N leaching by 30% (Gardarin et al., 2022). Similarly, in pulse-wheat
rotations, pulses supply 20-40% of the N needed by wheat, showcasing
their role in improving N cycling and soil fertility, though the exact N
transfer remains challenging to quantify (Tripathi et al., 2021).
Opverall, BNF not only reduces the reliance on chemical N inputs but
also enhances fertilizer efficiency and mitigates environmental
impacts. These systems also contribute to reducing nitrate leaching by
10-16% compared to monocultures (Hauggaard-Nielsen et al., 2009).

Research utilizing techniques like 15 N labeling has illustrated the
direct transfer of N from legumes to neighboring cereals, through root
exudation, where nitrogenous compounds like amino acids are
released into the soil. Additionally, rhizodeposition of decayed root
nodules, and shared mycorrhizal networks facilitate nutrient exchange,
enhancing overall N uptake and boosting yield (Raza et al., 2023).
However, the spatial arrangement is crucial, as excessive distance
between legumes and non-legumes can hinder N transfer. Many
findings signified that N competition in legume-cereal mixtures may
intensify due to the N-fixing activity of legumes (Kebede, 2021). The
effectiveness of legume intercropping depends on factors such as
species selection, crop morphology, plant density, cultivation practices,
and N-fixing capacity. Legumes adjust the carbon-nitrogen (C:N)
ratio and boost soil enzyme activity, which enhances nutrient
conversion efficiency. Key legume crops like soybean, common bean,
cowpea, lablab, and groundnuts play crucial roles in BNE Soybeans,
for example, can meet 50-60% of their N needs through BNE,
highlighting their importance in sustainable N management (Lai
etal., 2022).

The symbiotic relationship between legumes and rhizobia is
crucial for BNE a process in which rhizobia infects legume roots to
form nodules where N fixation occurs. Well-nodulated legumes can
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fix over 250 kg N ha™' year™’, significantly enhancing plant growth and
soil fertility (Fahde et al., 2023). Under optimal conditions, N fixation
rates can reach up to 300 kg N ha™' year™ (Zhang et al., 2021). The
efficiency of N fixation varies among the different species, wherein

1

soybean fixes between 60 and 300 kg N ha™' year™', while crops like
alfalfa and clover can fix as much as 150-500 kg N ha™' year. Factors
such as soil pH, texture, and OM content have a significant impact on
the efficiency of BNF (Issah et al, 2020). Soil pH significantly
influences N fixation efficiency in legumes. Soybean had optimal
nodulation and N fixation in slightly acidic to neutral soils (pH
6.0-7.0) (Nakei et al., 2023). Similarly, mung beans (pH 6.0-6.5) and
alfalfa (pH 6.5-7.5) performed best in slightly acidic to neutral soils,
indicating the importance of maintaining optimal soil pH for
maximizing BNE

For example, in a study comparing Dolichos lablab + maize (LM),
fodder soybean + maize (FM), and maize monoculture (M), the
application of 240 kg N ha™' to the Dolichos lablab + maize system
increased dry biomass yield and forage quality, achieving a nitrogen
use efficiency (NUE) of 59.5% (Zhang et al., 2022). Additionally, maize
+ legume intercropping saved 25% of N (37.5 kg ha™') needed for the
subsequent wheat crops, indicating that this strategy could improve
soil N fertilizer usage and reduce reliance on synthetic N fertilizers by
approximately 26% (Nasar et al., 2023). Crops like pigeon pea and
chickpea, when intercropped with cereals such as sorghum or maize,
can increase soil fertility and N fixation by 30-50% (Chamkhi et al.,
2022). These intercropping systems not only boost soil N levels but
also enhance microbial diversity in the rhizosphere, supporting
nutrient cycling and overall soil health (Solomon et al., 2023). Table 3
represents the pulse intercropping on N fixation in different crops.

Furthermore, excess N fertilizer application poses environmental
risks, contributing to nitrate contamination in groundwater and
nitrous oxide emissions. Legume intercropping can mitigate these

TABLE 3 Pulse intercropping on N fixation in different crops.

Primary  Legume N fixation References

crop crop (kg~* hat year)

Maize Common 50-150 Nassary et al.

bean (2020)

Maize, Soybean 100-200 Nakei et al. (2023)

Sorghum

Millet, Cowpea 50-200 Nair et al. (2018)

Sorghum

Maize, Millet | Pigeon pea 50-300 Lavanya et al.
(2019)

Wheat Chickpea 60-120 Koul et al. (2022)

Barley, Lentil 50-150 Singh et al. (2022)

Wheat

Barley, QOats Pea 70-150 Baxevanos et al.
(2017)

Wheat, Faba bean 150-300 Stagnari et al.

Barley (2017)

Rice Mung bean 50-100 Mutti et al. (2019)

Wheat, Lupin 100-200 Schreuder (2021)

Barley
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issues by enhancing resource use efficiency, reducing ammonia
volatilization, and lowering nitrous oxide emissions (Hassan et al.,
2022). In cereal-legume systems, the competitive N uptake by cereals
prompts legumes to fix more atmospheric N,, indirectly reducing the
reliance on synthetic fertilizers, thereby decreasing environmental
pollution and nitrate concentrations in the soil and surrounding
ecosystems (Grzebisz et al., 2022). Shifting a portion of global cereal
cropland to cereal-legume intercropping systems could potentially
lower N fertilizer use by 26%, significantly reducing agriculture’s
carbon footprint.

4.1 Nutrient improvement of legume
intercropping beyond nitrogen and
phosphorus

Legume intercropping is renowned for enhancing N and P
availability via BNF and improved P solubility. Beyond these, it also
benefits the cycling and availability of essential macro- and
micronutrients such as potassium (K), calcium (Ca), magnesium
(Mg), zinc (Zn), iron (Fe), and boron (B) through root exudation,
microbial activity, and enhanced soil organic matter. These nutrients
are vital for plant growth, productivity, and soil health, making legume
intercropping an effective tool for addressing nutrient deficiencies.
Intercropping legumes with cereals enhances K availability through
root exudation of organic acids, releasing K from non-exchangeable
reserves. Maize + legume intercropping has shown a 15-20% increase
in soil exchangeable K compared to monocropping (Wang et al.,
2014). Deep-rooting legumes like pigeon pea access subsoil K and
recycle them to the topsoil through leaf litter and root turnover. Maize
+ soybean intercropping enhances K uptake and nutrient
accumulation in roots and green biomass by 20% with optimal K
application (80:60 kg ha™') compared to no K application (Ahmed
et al., 2020). In soybean-based systems, K uptake primarily occurs
from shallow soil layers, while intercropping improves K cycling and
efficiency (Maciel de Oliveira et al., 2020). Additionally, legumes like
alfalfa excrete organic acids that mobilize less-available K forms,
benefiting both intercrop species (Gao et al., 2022). This reduces
reliance on K fertilizers, especially in K-deficient soils.

Legume intercropping also improves Ca and Mg availability,
essential for cell wall stability, enzymatic functions, and
photosynthesis. Ca-rich leaf litter from legumes like cowpea and
groundnut enriches soil Ca upon decomposition, benefiting associated
crops like maize and millet. Legume root exudates solubilize Mg from
soil minerals, improving its availability (Sardans et al., 2023).
Furthermore, legume intercropping enhances micronutrient
bioavailability, such as Zn, Fe, and B, through rhizosphere interactions
and microbial activity, promoting enzymatic functions and stress
resistance. For example, chickpea + maize intercropping systems
increased soil Zn availability by 25% due to microbial solubilization
(Kumar et al, 2022). Legume roots release organic acids and
phytosiderophores, chelating Zn and making it more accessible to
companion crops. Similarly, wheat + lentil intercropping increased Fe
uptake by 30%, facilitated by root exudates and microbial siderophores
(Siddiqui et al., 2021), benefiting high-pH soils. Additionally, peanut
+ sorghum systems showed a 15% increase in soil B availability,
boosting sorghum grain quality and yield through root-mediated
organic compound release (Patel et al., 2019). Targeted management
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strategies can optimize these benefits, promoting sustainable
agriculture while enhancing soil health and ecosystem resilience.

5 Soil response to legume
intercropping

Soil nutrient content is a very good indicator of soil fertility, with
crop yield serving as a direct measure of soil health. Legume
intercropping has emerged as one of the key strategies for sustainable
intensification, providing greater stability in soil fertility and
environmental health compared to sole cropping systems. Low soil
fertility can limit crop production, but incorporating legumes into
cropping systems has been shown to improve soil’s physical, chemical,
and biological properties by fixing atmospheric N,, leaf shedding, and
mobilizing insoluble nutrients, which in turn enhances nutrient

10.3389/fsufs.2025.1527256

availability and use efficiency (Table 4). Over a five-year study, Tang
etal. (2021) found that intercropping legumes with cereals increased
soil OM by 20%, total N by 15%, and available P by 10%, indicating
enhanced soil fertility and nutrient availability. Figure 4 illustrates the
physiological mechanisms driving interspecific facilitation in the
acquisition of N, P, and water in intercropping systems.

5.1 Physical properties

Legumes play a significant role in enhancing soil physical
properties, including bulk density, saturated hydraulic conductivity,
and the stability of cracking clay. Legume intercropping systems
increase the proportion of macro- and micro-aggregates by 52 and
111%, respectively, compared to sole crops (Garland et al., 2017). This
structural improvement helps to reduce soil erosion. For example,

TABLE 4 Impact of legume intercropping on soil physical, chemical, and biological properties.

Intercropping system

Soil physical

Soil chemical

Soil biological

References

properties

properties

properties

Finger millet + Groundnut Increased water retention 35% higher N content Increased AMF colonization Srinivasarao et al. (2012)

Sorghum + Pigeon pea Enhanced soil aggregation Boosted soil N by 40% Increased microbial biomass Weldeslassie et al. (2016)
carbon (MBC)

Pearl millet + Cowpea Improved infiltration rates Boosted soil N by 38% Enhanced rhizosphere Siébou et al. (2019)

microbial activity

Maize + Cowpea

Increased soil porosity and

root penetration

Increased soil N by 35%

Increased rhizobia population

for N fixation

Eze et al. (2020)

Barley + Lentil

Better moisture retention

Increased cation exchange

capacity (CEC)

Improved N-fixing bacteria

Rajpoot et al. (2020)

Cotton + Groundnut

Improved capillary rise of

30% increase in organic

Increased beneficial nematode

Chi et al. (2019)

water matter populations
Wheat + Chickpea Reduced compaction 30% increase in soil organic Increased enzyme activity for Mbanyele et al. (2024)
carbon (SOC) nutrient cycling
Sugarcane + Soybean Reduced soil crusting Balanced pH levels Enhanced microbial biomass Morsy et al. (2017)

nitrogen (MBN)

Barley + Faba bean

Increased root penetration

31% increase in N content

Enhanced microbial

community structure

Dordas et al. (2019)

Wheat + Pea

Reduced soil compaction

28% increase in soil N

Increased fungal diversity

Longepierre et al. (2022)

Rice + Mung bean

Reduced soil erosion

Improved soil pH balance

Enhanced root exudates

promoting microbial growth

Papong and Cagasan (2020)

Finger millet + Cowpea Increased porosity 34% higher N content Increased beneficial fungi Peter et al. (2024)

Maize + Groundnut Reduced bulk density Improved N (36%) availability | Higher rhizobia populations Ajayi (2015)

Sunflower + Chickpea Enhanced water infiltration Increased N by 32% Increased enzymatic activity Ullah et al. (2018)

Sorghum + Groundnut Enhanced moisture retention Increased N by 39% Increased AMF colonization Watts-Williams et al. (2022)
Maize + Soybean Better root structure Boosted N and SOC levels Increased microbial biomass Bawa et al. (2019)

Cotton + Mung bean

Enhanced root proliferation

33% increase in soil N

Increased rhizobia activity

Ali et al. (2020)

Rice + Soybean

Increased soil aggregation

Increased N and P levels

Increased root-associated

microbes

Nascente and Stone (2018)

Maize + Lentil

Enhanced root penetration

Increased N by 38%

Increased fungal and bacterial

diversity

Razavi et al. (2016)

Wheat + Lupin

Increased porosity

Increased soil N (27%)

Increased enzyme activities

Esnarriaga et al. (2020)

N, Nitrogen; P, Phosphorus.
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sorghum + cowpea intercropping decreased runoff by 20-30%
compared to sole sorghum and by 45-55% compared to monocropped
cowpea, resulting in a 50% reduction in soil loss. Intercropping
systems, particularly with maize and soybean or legumes and cereals,
enhance soil structure, increasing aggregate stability by 20% and
reducing bulk density by 12% over 3 years (Bhattacharyya et al., 2023).
Similarly, Rajanna et al. (2022) reported that intercropping systems
increased aggregate stability by 15% and reduced bulk density by 10%
over 3 years, enhancing water infiltration and aeration. As anchor
crops, legumes effectively enhance soil structure and water infiltration,
particularly under semiarid and rainfed conditions, making them
ideal for intercropping with fast-growing, shallow-rooted crops. In
pigeon pea + maize intercropping, root interactions, and biochemical
activities improve soil structure and nutrient storage, especially in
P-sorbing soils. This raised organic P storage in micro-aggregates to
84 mg P kg™ in intercrop versus 29 mg P kg™ in sole maize (Chamkhi
etal., 2022).

5.2 Chemical properties

In semi-arid areas, legumes such as lablab and soybean increase
soil OC, available P, and total N while simultaneously reducing
exchangeable cations and C:N ratios compared to weedy fallows
(Nigussie et al., 2021). Cuartero et al. (2022) reported that melon +
cowpea intercropping increased total soil carbon by 25% and total N
by 18% compared to mono-cropping due to higher populations of
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nutrient-cycling bacteria like rhizobia. Similarly, Cong et al. (2015)
found that intercropping maize with wheat or faba bean raised SOC
by 4% and organic N by 11%, with carbon and N sequestration rates
of 184 kg ha™' yr.”" and 45 kg N ha™' yr.™!, respectively. Hussain et al.
(2024) found a 20% rise in SOC over 3 years when intercropping
soybeans with maize, compared to monoculture maize. Similarly, Virk
etal. (2021) observed a 15% increase in SOC over 4 years with clover
or vetch in maize + wheat systems, due to increased residue and
microbial activity.

Furthermore, legume + cereal intercropping significantly
enhances P availability and uptake. A meta-analysis by Tang et al.
(2021) on P efficiency in cereal + legume intercrops found a significant
increase in P absorption and a soil equivalent ratio for P uptake
averaging 1.24. The net effect for P uptake was 3.67 + 1.00 kg ha™’,
with an absolute gain of 6.87kgha™ due to intercropping,
demonstrating improved P use efficiency and reduced fertilizer need
compared to sole crops. In northwest China, intercropping systems
like maize + turnip, maize + faba bean, maize + chickpea, and maize
+ soybean showed higher P acquisition than monocultures, with faba
bean’s P uptake increasing by 42.4% at flowering. Fertilizer P recovery
in intercropping improved from 6 to 30% at 40 kg ha™" and from 5 to
14% at 80 kg ha™" (Yang et al., 2021). Betencourt et al. (2012) found
increased P availability in durum wheat + chickpea intercrops due to
root-induced alkalization and exudation. Similarly, Guo L. et al.
(2023) showed soybean root exudates boost N mineralization by 30%
and P availability by 25%. Legumes improve P availability through
root exudates like piscidic acid, which releases P from iron-phosphate
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complexes (Sugihara et al., 2021). Their deep root systems offer
drought tolerance and access nutrients from deeper soil layers
reducing dependence on synthetic fertilizers and promoting
sustainability (Shoaib et al., 2022).

5.3 Biological properties

A study comparing a 30-year maize monoculture with
intercropping systems found Sphingomonas resistant to monoculture
effects, while Massilia and Haliangium served as sensitive bacterial
indicators, highlighting intercropping’s role in enhancing soil health
and biodiversity (Wolinska et al., 2022). Field experiments with maize
+ sesame, maize + peanut, maize + soybean, and maize + sweet potato
intercropping showed increased microbial diversity, particularly fungi
and bacteria, measured by species richness, Shannon index, and
evenness. Notably, maize + peanut intercropping yielded the highest
bacterial species richness (Xiao et al., 2023).

Legume intercropping significantly enhances soil properties by
increasing microbial diversity, which improves nutrient cycling, OM
turnover, nitrification, and soil structure. These microbial changes
boost plant growth and health, highlighting the benefits of diverse soil
bacterial communities in legume intercropping systems. Work done
by Song et al. (2007) found that intercropping systems like wheat +
faba bean, wheat + maize, and maize + bean increased soil microbial
biomass and C: N ratios compared to monocultures. This indicates
that intercrops with higher OM foster diverse and active microbial
communities, enhancing soil enzymatic activities such as
dehydrogenase, urease, and phosphatase. Additionally, Hao et al.
(2022) found that maize root exudates increased microbial diversity
and biomass by 20%, showing the impact of specific crops on
microbial communities. Soil microbial community composition is
influenced by environmental factors, fertilization practices,
agricultural practices, and planting patterns, which account for
around 26.7% of bacterial community variation.

Intercropping impacts microbial community structure, affecting
soil P and carbon cycling through changes in microbial biomass
phosphorus (MBP) and carbon (MBC). Legume intercropping
enhances crop productivity by increasing the presence of N-fixing
bacteria like Bradyrhizobium and Skermanella (Yang et al., 2019).
Molecular methods reveal that intercropping enhances rhizosphere
bacterial diversity compared to monocropping, increasing the
abundance of ammonia-oxidizing bacteria (AOB), ammonia-
oxidizing archaea (AOA), and nitrite-oxidizing bacteria (NOB), which
are crucial for nitrification. Intercropping with rhizobium inoculation
boosts the abundance of total bacteria, archaea, AOB, and AOA,
potentially reducing nitrification in the rhizosphere. Therefore,
legume intercropping represents an effective strategy to optimize
beneficial rhizobacterial colonization, offering a sustainable alternative
to chemical fertilizers by naturally enhancing soil health and
nutrient cycling.

Legumes play a critical role in altering soil-borne pathogens and
reducing pathogenic microbial loads through mechanisms such as
biological control and soil health enhancement. Their interactions
with beneficial microorganisms, including actinobacteria and
rhizobia, significantly contribute to disease suppression and improved
crop productivity. For example, Streptomyces strains have proven
effective in controlling soil-borne pathogens that affect legumes like
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chickpea and pigeonpea, which are often susceptible to diseases such
as wilt and collar rot (Gopalakrishnan and Srinivas, 2019). Similarly,
Sinorhizobium saheli has demonstrated the ability to suppress root
pathogens in arid legumes, enhancing root nodulation and achieving
seed yields of up to 1,325 kg ha™" when co-inoculated with other
beneficial microbes (Gautam et al., 2015). In addition to pathogen
suppression, legumes improve soil fertility through BNE fostering
microbial communities that compete with pathogens for resources
(Kalyan et al, 2024). However, the effectiveness of legumes in
managing pathogens is influenced by soil conditions and competing
microbial communities, which underscores the importance of
understanding these dynamics for sustainable agriculture. Despite
their benefits, legumes remain vulnerable to specific root diseases,
potentially limiting their effectiveness in certain conditions (Pilet-
Nayel et al, 2024). Therefore, integrated disease management
strategies are essential to balance the benefits and vulnerabilities of
leguminous their  success in  diverse

crops, ensuring

agricultural systems.

5.4 Soil conservation through legume
intercropping

Soil conservation is essential for adapting to climate change,
ensuring soil health, and supporting crop growth by providing crucial
minerals. However, extreme weather events, such as heavy rainfall and
strong winds, can worsen soil erosion. In semiarid regions, practices,
like tree planting and establishing hedgerows, help combat wind
erosion, while in humid and coastal areas, vegetation cover, contour
ploughing, and contour hedgerows are commonly adopted to control
soil erosion. Intercropping has proven to be an effective solution to
these challenges, especially when combined with conservation
practices like cover cropping and mulching, which can reduce erosion
by up to 50% (Lal, 2018), thus improving soil integrity and
environmental resilience. For example, intercropping cowpeas with
maize (two rows of maize with one row of cowpea) reduced runoff by
10% and soil loss by 28% compared to maize monoculture. Similarly,
barnyard millet showed the lowest runoff (36% of rainfall), followed
by soybean and maize at 37 and 42%, respectively (Tiwari et al., 2023).

In drylands, intercrops like soybean, groundnut, or cowpea with
maize, sorghum, or pearl millet have been effective at controlling soil
erosion. In mountainous regions like the Himalayas, vegetative
barriers have proven to be effective, reducing runoft by 18-21% and
soil loss by 23-68% on slopes of 2-8%. Barriers made from pigeon
pea, with its dense canopy cover of 95-98%, reduced runoff by
28-29% and soil loss by 2.1 to 2.6 tons per hectare in a sequence with
finger millet, kodo millet, and lentil. Converting just 10% of a field to
native perennial vegetation can cut sediment runoff by up to 95% and
reduce P and N losses by over 85% (Tiwari et al., 2023). Greater plant
species diversity enhances soil carbon and N stocks through greater
root biomass, improving carbon storage and potentially displacing
fossil fuel use. Long-term field experiments conducted since 2003
showed that intercropping systems, such as maize + wheat, maize +
rapeseed, and maize + pea, have higher SOC and N compared to
monocultures (Wu et al., 2024). These intercropping systems not only
yield more grain but also emit 50% less carbon per hectare per
millimeter of water than maize monoculture. Furthermore, maize
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silage intercropped with forage sorghum has demonstrated a 7.3%
lower global warming potential compared to maize silage alone.

Intercropping also helps address soil contamination. For example,
faba bean intercropped with Sedum alfredii and inoculated with a
plant growth-promoting endophyte showed improved biomass
production and enhanced removal of heavy metals like cadmium (Cd)
and lead (Pb) from soils. This improvement is attributed to the
synergistic interaction between the legume and the endophyte, which
collectively enhanced the plants ability to tolerate and uptake heavy
metals. This intercropping system successfully reduced the
concentrations of Cd and Pb in faba beans and maintained its
concentration within permissible limits (0-0.2 mg kg™'), making it a
viable solution for managing soil contamination (Rezende et al,
2020). Thus, intercropping not only enhances soil health and fertility
but also plays a crucial role in climate change mitigation, erosion
control, and addressing soil contamination, contributing to sustainable
agricultural systems.

6 Yield response to legume
intercropping

Legume intercropping has gained recognition for its ability to
enhance yields compared to traditional monocultures (Glaze-
Corcoran et al,, 2020). Intercropping has been consistently shown to
improve land-use efficiency (more yield per unit area compared to
monocultures), as demonstrated by enhanced Land Equivalent Ratios
(LERs). Supporting this, a meta-analysis of 126 studies across 41
countries revealed that intercrops produced 38% more biomass on
average, with a mean LER of 1.38, highlighting their superior
productivity and resource-use efficiency. Similarly, Feng et al. (2021)
observed that maize + peanut and maize + soybean intercropping
systems improved land-use efficiency, with LERs increasing by
20-30%, reflecting better resource utilization due to the differing root
depths and growth habits of these crops.

Vertical
competition for resources like light and nutrients, enhancing overall

stratification in intercropping systems reduces
productivity. However, the effectiveness of intercropping can vary with
soil conditions, and initial root competition may hinder early growth,
as seen in pea + barley systems, where pea plants experienced a
15-20% reduction in shoot dry matter (Giuliani et al, 2024).
Nevertheless, promising combinations such as N-fixing legumes,
deep-rooted species like lucerne, and autumn-sown oilseeds and
cereals have shown significant potential. For instance, mean LER
values for barley + faba bean intercropping ranged from 1.05 to 1.23
(Salinas-Roco et al., 2024). In sub-Saharan Africa, maize + common
bean intercrops achieved LERs of 1.48 to 1.55 (Gidey et al., 2024).

In northwest China, intercropping systems involving faba bean +
maize, chickpea + maize, and soybean + maize significantly increased
grain yields by 24, 45, and 39%, respectively, illustrating the role of
intercropping in boosting productivity while supporting sustainable
intensification (Nasar et al., 2024). Biodiversity within intercropping
systems also enhances the temporal stability of biomass production
(Markos and Yoseph, 2024). Kahraryan et al. (2021) found that
optimal intercropping ratios of barley and vetch improved both grain
yield and forage quality. In conservation agriculture systems, maize
yields ranged from 2,800 to 3,000 kg ha™' under sole cropping
conditions. However, when intercropped with legumes, yields
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significantly improved, reaching 3,609 kg ha™! with groundnut and
3,307-3,576 kg ha™' with common bean (Mupangwa et al., 2021; Dai
et al, 2019). Crop complementarity in intercropping systems
capitalizes on the unique traits of each species to boost productivity
(Pelzer et al., 2020).

Intercropping maize with short-grain cereals or legumes, which
have distinct growth periods from maize, results in higher absolute
gains compared to monocultures (Kakraliya et al., 2018). In China,
high-input intercropping systems with multi-row configurations have
achieved yields approximately four times higher than low-input
strategies. Both high- and low-input intercropping conserve 16-29%
of land and 19-36% of fertilizer compared to monocultures. These
gains result from enhanced resource efficiency, nutrient uptake,
optimized light interception, and improved water use, along with
reduced pest pressure and healthier soils (Yu et al, 2022).
Economically, intercropping benefits farmers through reduced input
costs, diversified income streams, and access to premium markets.
Legume intercropping alone can lower fertilizer costs by 25% and
pesticide costs by 30% (Raza et al., 2023). Furthermore, sustainably
produced products often command a 10 to 30% price premium,
providing economic stability by mitigating risks from fluctuating
input prices and market volatility (USDA Economic Research Service,
2023). Table 5 summarizes the distribution and LER figure of the main
intercropping systems of selected countries. Through careful crop
selection and spatial arrangement, intercropping offers significant
environmental and economic benefits, ensuring long-term
productivity and resilience.

Optimal spatial arrangements and planting densities are critical
for maximizing resource use and yield stability (Gaikwad et al., 2022).
For example, planting legumes in wide rows or alternating them with
cereals like maize or sorghum enhances sunlight interception and soil
nutrient utilization, directly contributing to improved crop
productivity (Toker et al., 2024). Feng et al. (2022) demonstrated that
spatial configurations like narrow-wide-row relay-intercropping
light
intercropping as an effective strategy for enhancing yields and

improve interception and photosynthesis, reinforcing
maintaining ecosystem health. Row intercropping reduces light
competition and pest incidence, resulting in healthier crops and
higher yields. Similarly, strip intercropping facilitates efficient
mechanical operations and optimizes resource distribution, further
enhancing yield potential. Mixed intercropping, by creating diverse
microhabitats, promotes plant growth and resilience, enabling crops
to better withstand environmental stresses and achieve greater
productivity (Benmrid et al., 2023). Effective spatial arrangements,
such as row and strip intercropping, have been shown to increase
yields by 10 to 20% (Liu et al., 2017). Recent studies have also
emphasized the potential of soil amendments such as N fertilization
and biochar to enhance yield and nutrient efficiency in intercropping
systems (Hu et al., 2021; Wang et al., 2023).

6.1 Economics and cost benefit of legume
intercropping

Intercropping has consistently demonstrated its ability to improve
economic efficiency and deliver greater benefits compared to
monocropping across various agricultural systems. This sustainable
practice optimizes land and resource utilization, leading to higher
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TABLE 5 Distribution and land equivalent ratio (LER) of different intercropping systems in selected countries.

10.3389/fsufs.2025.1527256

Continent Country Intercropping system LER References
Africa Ethiopia Wheat + Faba bean 1.03-1.17 Maalouf et al. (2022)
Mozambique Maize + Cowpea 1.53-1.91 Dimande et al. (2024)
Asia China Maize + Soybean 1.33 Nasar et al. (2023)
Maize + Soybean 1.91-2.13 Chen et al. (2019)
Maize + Faba bean 0.94-1.47 Xia et al. (2013)
India Maize + Soybean 1.1-1.6 Banik and Sharma (2009)
Rice + Peanut 1.66 Sarkar and Pal (2004)
Iran Sunflower + Soybean 0.82-1.28 Hamzei and Seyyedi (2016)
Europe England Maize + Faba bean 1.02-1.23 Barker and Dennett (2013)
Italy Ryegrass + Clover 1.1-1.2 Giambalvo et al. (2011)
North America Canada Pea + Barley 1.13-1.31 Kwabiah (2005)
Pea + Oat 1.13-1.29
Oceania Australia Wheat + Chickpea 0.97-1.10 Jahansooz et al. (2007)
South America Brazil Cowpea + Beet 1.05-1.11 Chaves et al. (2020)

yields and profitability. For instance, maize + soybean strip
intercropping has proven highly lucrative, with ideal configurations
yielding 23,965 CNY ha™' (Kou et al., 2024). Similarly, in Ethiopia,
eucalyptus + maize intercropping outperformed monoculture systems
by achieving a land expectation value (LEV) of $3,677.5 USD ata 15%
interest rate (Belay and Melka, 2024). Moreover, vegetable
intercropping, such as kale with carrots and mustard, enhanced land
use efficiency by 184%, surpassing monoculture profitability (Parajara
etal., 2024).

Additionally, a meta-analysis by Mudare et al. (2022) highlighted
the economic advantages of maize and grain legume intercropping,
revealing gross incomes of US$ 3,188 ha™' in China and US$
1,519 ha™ in Africa, significantly higher than the US$ 1946 ha™' and
US$948 ha' generated by monocropping in these regions,
respectively. Among maize-legume systems, maize + soybean
intercropping in China delivered the highest gross income of US$
4,124 ha™', while in Africa, maize + common bean intercropping with
US$ 1932 ha™'. Furthermore, Singh et al. (2021), explored chickpea
(Cicer arietinum L.) and lentil (Lens culinaris Medik.) intercropping
with linseed (Linum usitatissimum L.) and Indian mustard (Brassica
juncea L.). Their study found that chickpea and Indian mustard
intercropped in a 4:2 ratio yielded the highest net return of Rs.
81,168 ha™". Similarly, Meena et al. (2024) reported that the chickpea
+ mustard system (6:2 ratio) in southeastern Rajasthan achieved the
best net returns of Rs. 93,681 ha™!, with a benefit-cost (B:C) ratio of
3.11. Despite these advantages, challenges such as management
complexity and potential yield reductions must be addressed for
optimal decision-making.

/ Potential risks of legume _
intercropping and possible solutions

Despite their benefits, legume intercropping systems face
limitations, often confined to mixed farms or collaborations for
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biomass supply. Legume intercropping presents several challenges due
to its complexity, as it involves growing multiple crops simultaneously
in the same field. Challenges, such as nutrient management, difficulties
in establishing crops and maintaining optimal legume proportions,
increased labor requirements, production costs, etc., hinder
widespread adoption (Burgess et al., 2022).

7.1 Complexity in management

Intercropping encounters complexity in various aspects of
planting, management, and harvesting, leading to higher labor costs
and difficulties in scaling up mechanized farming. Farmers must
carefully determine optimal seeding rates, sowing depths, compatible
plant combinations, equipment use, herbicide applications, harvesting
stage, and marketing options. For example, intercropping large-seeded
peas with small-seeded canola involves precise seeding rates, planting
depths, and fertilizer placement to effectively capture soil moisture.
The multiple passing of seeders results in seedbed compaction and
increased labor demands. However, innovations like affordable multi-
crop seeders allow single-pass planting of multiple species, while
ensuring precision sowing depths, making legume intercropping more
feasible (Madsen et al., 2022).

Harvesting intercrops also poses challenges as the crops mature at
different times and require multiple harvests. The introduction of a
second crop disrupts rotation schedules, adding complexity to farm
operations. Harvesting crops with different maturities requires
specialized equipment, which may not be accessible to resource-
limited farmers. In contrast, strip intercropping, where crops are
grown in wider bands, allows for separate harvesting if the strips are
wide enough to accommodate existing machinery. However, this
method often increases labor demands for managing weeds, fertilizer
application, and crop care, increasing production costs and making it
less profitable. Grain separation is another significant challenge in
intercropping when crops have similar grain sizes, necessitating
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careful crop combination selection. Farmers have addressed this issue
by calibrating combine rotors and fans or developing custom seed
separation systems. While effective, these solutions increase labor and
equipment costs, highlighting the need for further research to
optimize profitability.

To better support legume intercropping, several advancements are
necessary. These include developing suitable herbicides for mixed
cropping systems, grain separation facilities, and studies on
intercropping’s impact on crop rotations. Policy measures such as
carbon credits and expanded crop insurance options could further
encourage adoption. Additionally, farmers need intercropping
practices tailored to local conditions, including climate, soil type, and
production goals, to optimize productivity (Brandmeier et al., 2021).
Overall, while legume intercropping promotes sustainable agriculture
and resource efficiency, it requires innovative management strategies,
technological advances, to overcome

and policy support

inherent challenges.

7.2 Complexity in yields

Legume intercropping offers benefits such as weed, pest, and
pathogen suppression, but yields vary based on context. Additive
intercrops, planted between existing crop rows, can reduce yields due
to heightened competition, especially in non-legume systems. In
contrast, substitutive intercrops, where a portion of the main crop is
replaced to limit competition, can improve per-capita crop yields but
may lower overall yield per area. Although legume intercropping
generally increases LER and ecosystem benefits, these advantages do
not always result in yield gains. Suggesting competition may limit
productivity more than pest pressure (Shanmugam et al., 2022).

In semiarid regions, legumes compete with cereals for water,
negatively affecting yields. For instance, faba beans reduced soil water
availability for intercropped maize, increasing kernel abortion rates
and lowering yields (Wang M. et al., 2024). Legumes may also compete
for N, inhibiting their N fixation capabilities. High soil N levels reduce
legume’s ability to fix atmospheric N, impacting growth and yield
(Salinas-Roco et al,, 2024). In olive agroforestry systems, legume
intercropping caused yield reductions of approximately 33% for
legumes and 47% for cereals compared to sole cropping, indicating
potential negative impacts on associated crops (Amassaghrou et al.,
2023). Additionally, grain quality can decline, as seen in pea-canola
intercrops, which showed a 6-9% decrease in protein content
compared to monocrops (Liu et al., 2024). Despite these challenges,
intercropping enhances biodiversity and soil health, indicating a
complex  relationship  between  intercropping  practices
and productivity.

Intercropping systems incur higher costs due to the need for
regionally adapted management practices to balance light and water
competition effectively. Selecting drought-resistant varieties is crucial
for realizing efficient water-use, but may be inaccessible to low-income
farmers. Yield benefits are limited in nutrient-rich environments or
without drought conditions. Relay intercropping and optimizing strip
widths can reduce competition, but these complex systems often deter
adoption. Identifying intercrop combinations with complementary
architecture and resource needs is essential to enhance productivity
and profitability (Seleiman et al., 2021).
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7.3 Complexity in other resources

Legume intercropping offers ecological and soil health benefits
but faces several challenges that can limit its efficiency and
sustainability (Zhu et al., 2023). A major issue is resource competition,
as both legumes and companion crops compete for sunlight, water,
and nutrients. This competition can be particularly challenging in
densely planted, nutrient-deficient systems, often reducing legume
productivity. Uneven resource distribution further exacerbates the
problem, negatively affecting both legumes and companion crops in
intercropped fields (Ananthi and Parasuraman, 2020). Pests and
diseases also pose significant challenges. While intercropping can
disrupt some pest life cycles, it can also create opportunities for others.
Additionally, legumes are vulnerable to various soil-borne pathogens,
increasing the risk of disease in mixed cropping systems and
complicating pest and disease management (Islam and Ashilenje,
2018). Intercropping requires high labor inputs, including precise
planning, staggered planting, and multiple harvests. Mechanization is
often difficult due to the diversity of crops used, limiting the efficiency
gains typically achieved with machinery (Zhu et al, 2023).
Environmental stress factors such as drought, salinity, and soil acidity
further hinder legume intercropping by reducing yields and increasing
resource competition (Ananthi and Parasuraman, 2020). Despite these
challenges, effective management practices and leveraging biological
interactions can improve soil health and biodiversity, enhancing the
resilience and sustainability of legume intercropping systems.

8 The role of legume intercropping
under climate resilience

Intercropping helps create microclimates that reduce soil and
canopy temperatures, shielding crops from heat stress. For example,
Molla et al. (2023) reported a 2-3°C decrease in canopy temperatures
and a 10% vyield boost under heat stress in maize + cowpea
intercropping. Similarly, Murphy et al. (2021) found pigeon pea
intercropping yielded 15% more than monocultures under high
temperatures. Diverse rotations in intercropping systems also enhance
maize yield and resilience, reducing drought-year losses by 14-89%
(Bowles et al.,, 2020). Intercropping is increasingly recognized as a
form of “insurance” against extreme weather and pest pressures due
to its ability to enhance system resilience. By combining crops of
different growth habits, root systems, and resource requirements,
intercropping minimizes the risk of total crop failure during droughts,
floods, or temperature extremes (Loreau et al., 2021). When one crop
fails due to environmental stressors, disease, or pests, the remaining
crops can utilize freed-up resources to offset yield losses (Boincean
and Dent, 2019).

Competitive legume intercrops can fill gaps left by failed crops,
suppress weeds, and stabilize yields. This resilience has been
demonstrated in both irrigated and arid climates, supporting stable
agricultural productivity amid climate variability (Ebbisa, 2023).
However, the success of intercropping depends on precise
management tailored to regional conditions to mitigate competition
for light, water, and nutrients (Kremsa, 2021). The success of
intercropping under drought conditions often depends on using
drought-resistant crop varieties, a challenge for low-income farmers
with limited access to such resources. In nutrient-rich or non-drought
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environments, the yield advantages of intercrops adapted to extreme
climates can be minimal, underscoring the importance of selecting
appropriate crop combinations based on local conditions (Renwick
etal,, 20205 Singh et al,, 2020). Climate-resilient intercropping systems
offer additional benefits, such as reducing reliance on fossil fuel-
intensive inputs (Tang et al., 2021) and stabilizing production (Paut
etal,, 2020) while lowering environmental impacts. However, farmers
often face concerns about perceived risks of crop failure and higher
implementation costs.

Effective intercropping requires initial experimentation tailored
to local conditions, such as climate, farm size, and soil. Technical
support and local expertise, based on local data, are crucial (Noy and
Jabbour, 2020). To improve adoption, outreach efforts should integrate
farmers’ perspectives (Snapp et al., 2019). Peer mentoring by early
adopters and information networks can help share successes, address
challenges, and provide guidance (Bressler et al., 2021). Federal
incentive programs could reduce economic risks and support
experimentation with intercropping. Cost-share programs help offset
initial diversification costs but may involve logistical challenges.
Special crop insurance programs could ensure competitive payments
during the trial-and-error phase of intercropping adoption
(Lithourgidis et al., 2011). While intercropping provides a resilient
approach to climate adaptation, its widespread adoption depends on
addressing economic and logistical barriers, tailoring strategies to
local conditions, and integrating farmer perspectives into outreach
and support frameworks. Table 5 depicts the response of legume
intercropping across various countries, offering insights into trial
methods and climate characteristics.

9 Prospects

To effectively compete with large-scale monocultures, optimizing
resource use and crop yield in intercropping systems is essential. This
involves a thorough understanding of agronomic practices, including
tillage methods, seed rates, crop combinations, plant nutrition, and
harvesting techniques, as well as alignment with market demand for
simultaneous harvests. Further research on crop genotype and species
interactions, focusing on resource availability through niche
complementarity, is necessary to refine intercropping practices. This
is especially relevant as intercropping enhances agricultural resilience
and stability by leveraging context-dependent interactions, pest and
disease suppression, system linkages, and microtopographic variations.

Despite extensive research, more studies are needed to explore
current trends and integrate findings into practical applications,
particularly through on-farm testing. This is especially crucial for
intercropping systems involving legumes, which play an important
role in sustainable agriculture by efficiently managing N, benefiting
non-legume crops in mixed systems. Past research conducted on
small plots should be validated through collaboration between
researchers and producers to facilitate real-world application and
encourage adoption. In evaluating the impact of intercropping on
crop rotations, it is essential to assess how these systems affect
subsequent productivity, disease management, and soil health.
Additionally, integrating diverse climate, soil, crop species, and
genotype data into models could better illustrate interspecific
interactions under varying conditions, which is vital for assessing
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productivity, sustainability, and resource efficiency on larger scales.
Such approaches provide critical insights needed to optimize
foster  resilience  in

intercropping systems and

sustainable agriculture.

10 Conclusion

Intensive agriculture, characterized by monocultures, heavy
reliance on fertilizers and pesticides, and excessive groundwater
withdrawal, results in higher production costs, significant
environmental challenges, and long-term threats to sustainability. In
contrast, integrating legumes into cropping systems enhances food
and livelihood security, reduces environmental impact, and
promotes sustainability by improving resource use efficiency,
suppressing weed growth, increasing the productivity of non-legume
crops, and fixing atmospheric nitrogen, soil carbon sequestration,
climate adaptation, and biodiversity enhancement. Although
intercropping is more labor-intensive and less mechanized than
monocropping, it is particularly well-suited to regions like Asia and
Africa, where farms are small, cropping systems are diverse, and a
substantial agricultural workforce is available. In these regions,
intercropping provides food and nutritional security, helps meet
most family needs through family farming, offers insurance against
crop failures, and creates employment opportunities. Meanwhile, in
developed countries, legume intercropping reduces input
requirements such as herbicides, fungicides, insecticides, and
fertilizers, improves soil health by sequestering carbon, fixing
atmospheric nitrogen, breaking hardpan layers, enhancing porosity,
increasing water infiltration, and boosts overall resource use
efficiency. Successful adoption of legume intercropping requires
collaboration among policymakers, researchers, advisors, and
farmers. As the challenges of food security and climate change
continue to grow, legume intercropping aligns with the principles of
sustainable intensification, blending natural crop synergies with
local  knowledge and resilient,

creating productive

agricultural systems.
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