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Abstract

The progressive reduction of synthetic agrochemical fertilizers is one of the key factors in the shift from conventional
agriculture to sustainable farming. Nitrogen (N) is the ruling element in the development of agricultural production, but
its use in the mineral form or its excessive use causes several environmental issues. Since the release of N nanocompos-
ites coincides with their uptake by crops, N loss reduces while enhancing plant uptake due to nano fertilizers application.
Additionally, an intercropping legume with cereal as an eco-friendly pattern could improve and rationalize the nitrogenous
inputs. Therefore, a two-year field trial was conducted to determine the efficacy of nano-chitosan-loaded N (CS-NNPs)
for saving mineral N amounts applied in maize-based on maize-soybean intercropping and enhancing land productivity.
Methods In a randomized split-plot design in three replicates, three intercropping patterns, in addition to the sole crops, and
three N levels were implemented. Intercropping involved three intercrop configurations [planting maize rows (M) alternated
with soybean rows (S) in patterns of 4M:2S, 2M:4S, and 3M:3S)], in addition to planting sole maize crop (SMC) and sole
soybean crop (SSC). N fertilization treatments included adding 288 kg N ha™' (MN100%) and two levels of CS-NNPs com-
posite involving 216 kg N ha™! + 2 foliar sprays of CS-NNPs (MN75% +2CS-NNPs), and 144 kg N ha~! + 3 foliar sprays of
CS-NNPs composite (MN50% + 3CS-NNPs). Under the tested treatments, the agronomic traits, intercropping indices, and
economic benefits were estimated. Results Findings revealed that the application of SMC X MN75% + 2CS-NNPs, followed
by 4M:2S X MN75% + 2CS-NNPs showed the highest growth, biological yield, and grain yield of maize. The interaction
of SSC X MN75% + 2CS-NNPs, followed by 2M:4S X MN75% + 2CS-NNPs resulted in the highest seed yield components,
biological yield, straw yield, and seed yield of soybean. Application of 2M:4S X MN100%, 2M:4S X MN50% + 3NNPs,
and 3M:3S X MN100% recorded the maximum total land equivalent ratio. While applications of 2M:4S x MN100%,
2M:4S X MN75% +2CS-NNPs, and 3M:3S Xx MN100% achieved the highest land equivalent coefficient, land-use efficiency,
area time equivalent ratio, and percent yield difference. Likewise, both interactions of 2M:4S X MN75% + 2CS-NNPs and
3M:3S x MN100% recorded the highest system productivity index. Better yield advantage of maize-soybean intercrop com-
pared with the monocrop since total actual yield loss values were positive and higher than zero in all interactions of intercrop-
ping pattern X N fertilization. Fertilizing maize with MN50% +3CS NNPs grown under the 2M:4S pattern had the highest
positive aggressivity values. Conclusion The productivity shortfall accompanying the 25% N reduction was compensated by
the application of CS-NNPs. Thus, N applied to the maize intercropped with soybeans can be rationalized. This undoubtedly
has a good economic payoff for the maize growers with the conservation of the agricultural environment. In maize produc-
tion systems, it is advisable to fertilize the plants using 216 kg instead of 288 kg nitrogen ha~! when nano chitosan-loaded
nitrogen composite twice (0.48 kg nitrogen ha™") applied.

Keywords Chitosan nanoparticles - Intercropping merit - Interspecific competition - Land use - Maize nutrition - Nitrogen
uptake
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Introduction

Sustainable agriculture is a pattern of agriculture that
aims to increase the efficiency of resources utilization
(Alghamdi et al., 2023; Zulfigar et al., 2019), provide
the present-day demands as well as those of future gen-
erations, restore diversity to agricultural ecosystems,
and achieve environmental balance through its effective
management (Mekdad et al., 2022; Mousavi & Eskandari,
2011). Intercropping is considered an example of a sus-
tainable agricultural system that contributes to achiev-
ing agro-ecological balance, better utilization of avail-
able growth resources such as nutrients, water, and light,
increasing the productivity per unit of land, and reducing
yield damage by pests, diseases, and weeds (Brooker et al.,
2015). In arid and semi-arid regions of the world, par-
ticularly in Africa, intercropping has anciently been prac-
ticed for several decades, and it is still acquiring popular-
ity among smallholder crop growers (Ghosh et al., 2006;
Kermah et al., 2017). Intercropping is a combination of
two or more crops cultivated in the same field and growing
season and aimed to increase diversity in the agricultural
ecosystem (Fathi, 2014). The difference in response of
intercropping components to edaphic and climatic factors
is always served to maximize their total output (Thier-
felder et al., 2017). Legumes and non-legumes (Saudy &
El-Metwally, 2009; Saudy & El-Bagoury, 2014; Sheha
et al., 2023) as well as C3 and C4 crops were successful
systems in different intercropping patterns, where the dif-
ferences in plant architecture helped a lot in this situation
(Layek et al., 2018).

Several studies were conducted to evaluate the pro-
ductivity of maize-soybean in intercropping systems, for
example, Sani et al. (2014) found that the maize yield was
higher in intercropping than in monoculture crops. In addi-
tion, the maize-based intercropping system with legumes
(i.e., soybean, cowpea, and pea) helps in improving soil
health as well as crop yield (Beedy et al., 2010; Saudy,
2015). Maize plant development is strongly dependent on
the abundance of soil nitrogen (N) and N use efficiency
for biomass production and yield (Sonnewald, 2013). It
is well documented hat nitrogen (N) is regarded as one of
the most significant prime nutrients are needed by crop
palms. Accordingly, N supply improves and maximizes the
growth and yield of various field crops (Noureldin et al.,
2013; Saudy, 2014; Saudy & El-Metwally, 2023; Saudy
et al., 2020). On the other hand, soybean is regarded as
a legume plant, a fixer for atmospheric N when properly
nodulated, and thus is less dependent for growth on soil N
content (Flynn & Idowu, 2015).
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Nanoscience technology is a promising way for achiev-
ing a revolution in agriculture (Chen & Yada, 2011). Nano-
particle (nanoscale particles, NSPs) materials, with a size
of 1-100 nm, created by nanotechnology (Suguna et al.,
2017) can be exploited in several ecological aspects (Khan
et al., 2017). Compared to the bulk form, transforming the
substance into a nano shape can quite change its physi-
cal-chemical traits (Ferreira et al., 2011). Huge attempts
have been implemented to minimize nutrient losses while
increasing the crop yield quantity and quality (Abd-Elrah-
man et al. 2022; Yang et al., 2016; Saudy & El-Metwally,
2019). In this regard, approximately 50-70% losses in con-
ventional N fertilizers occurred in various ways resulting in
reduced fertilizer efficiency and an increase in production
cost (Wang et al., 2015). On the contrary, the release of
nano N compounds is coinciding with its uptake by crops
(Dwivedi et al., 2016). Hence, the losses of N were reduced
by regulating the demand-based release while enhancing
the plant uptake process owing to the application of porous
nanomaterials such as chitosan (Panpatte et al., 2016).
Chemically, chitosan is obtained by deacetylation of chi-
tin (Sorlier et al., 2001). The controlled-release chitosan
microspheres loaded with nitrogen could be slowly liber-
ated into the soil meeting the required nutrient of plants at
different stages with reducing the nutrient loss and improv-
ing fertilizer utilization (Giroto et al., 2017). Due to its
potential to increase the uptake of water and nutrients avail-
ability, chitosan improves plant growth and development
(Bibi et al., 2021; Hidangmayum et al., 2019). Root and
vegetative growth, plant pigments and dry matter produc-
tion were enhanced by chitosan supply (Ali et al., 2020;
Marzouk et al., 2022). Furthermore, chitosan contributes
to raising the defensive mechanism stimulation against
abiotic stresses (Guan et al., 2009a, 2009b). Balanced
fertilizer management will increase agricultural produc-
tion, which amounted to 35-40% (Khodabin et al., 2022;
Shaaban et al., 2023a). It has been keenly observed that
the application of nano-formulated fertilizers has signifi-
cant potential to increase crop productivity (Millan et al.,
2008). However, very limited information relevant to the
integration between intercropping and nanocarrier-loaded
N are available. Keeping in view the above-mentioned
aspects, the current study hypothesized that the applica-
tion of nano-chitosan-loaded N could have the potential
to improve the productivity of the different intercropped
maize and soybean along with saving the applied mineral
N in maize. Thus, the study objective was to evaluate the
effect of different maize-soybean intercropping patterns on
yield traits, intercropping indices, and economic benefits
under foliage-sprayed nano-chitosan-loaded N.
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Materials and Methods
Experimental Field Site

A two-year field experiment was conducted at Gemmieza
Agricultural Research Station in El-Gharbia governorate,
Egypt (latitude: 30° 48’ 11" N and longitude: 31° 08" 22"
E) during the 2019 and 2020 cropping summer seasons.
The study region has four distinct agro-seasons and is
characterized by semi-arid climatic conditions with no
precipitation during the experimental period (May—Sep-
tember). The experiment site meteorological (tempera-
tures, relative air humidity, wind speed, and solar radia-
tion), obtained from Central Laboratory of Meteorology,

Fig. 1 Monthly values of agro- a
climatic variables [Maximum
and minimum temperatures and
relative humidity (a), and solar
radiation and wind speed (b)] of
the experimentation site during
the 2019 and 2020 summer
growing seasons
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are illustrated in Fig. 1. Following the zigzag sampling
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imental field directly before the sowing date to determine
the soil's physico-chemical properties (Table 1) following
the methods suggested by Page et al. (1982) and Klute
(1986). The hydrometer method suggested by Gee and Or
(2002) was used to identify the particle size distribution
of soil. The pH was determined in the soil paste extract
using a pH meter in a 1:2.5 (w/v) soil: H,O suspension.
Electrical conductivity (EC, in dS m~!) was also meas-
ured directly in the saturated soil paste using a Metler
conductivity meter. Collin's calcimeter apparatus was
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Table 1 Selected initial physico-chemical properties of the experi-
mental soil (0.0-0.4M depth) before sowing (data over both growing

seasons)

Property Unite Value
Particle size distribution:
Clay (%) 56.32+0.62
Silt (%) 22.96+0.57
Sand (%) 20.72+0.57
Texture - Clay
pH [at a soil: water (w/v) ratio — 7.35+0.04
of 1:2.5]
Electrical conductivity (EC, at (dS m™) 0.85+0.01
soil paste extract)
Calcium carbonate (gkg™ 28.6+0.40
Organic matter (gkg™ 11.0+£0.31
Soluble ions:
Sodium (meq LY 0.20+0.01
Potassium (meq LY 3.70+0.10
Calcium (meq LY 2.50+0.05
Magnesium (meq L") 2.40+0.09
Carbonate (meq L") 0.00+0.00
Bicarbonate (meq L") 3.30+0.06
Chloride (meq LY 3.20+0.03
Sulphate (meq L") 2.10+0.04
Macro-nutrients:
Available nitrogen (mg kg™ soil) 23.5+0.29
Available phosphorus (mg kg~! soil) 10.0+0.18
Available potassium (mg kg~! soil) 355.0+5.77

experimental soil. Organic matter content (%) was calcu-
lated by multiplying the soil organic carbon (determined
following the Walkley—Black dichromate acid procedure)
by the conversion factor of 1.724. The N content (mg
kg~! soil) was determined using the H,SO,-HCIO, (3:1,
v/v) micro Kjeldahl method (Medical Instruments Co.,
Ningbo, China). The molybdenum blue colorimetric pro-
cedure using a UV-160A spectrophotometer (Shimadzu,
Japan) was used for measuring the soil P content (mg kg™
soil) in the same H,SO,-HCIO, digestion mixture used to
determine N content. Potassium content (mg kg™! soil)
was determined using NH,OAC at pH 7 procedure using
an ICP-AES inductively coupled plasma atomic-emission
spectrometry (Thermo Inc., IRIS-Advan, MA, USA). The
soil is clay in texture and typified as Vertic Torrifluvents
according to the soil taxonomy, USDA (Soil Survey Staff,
1999).

Experimental Layout, Treatment Details, and Crops
Management

The experiment was laid out in a randomized complete
block design with a split-plot arrangement with three
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replicates. The main plots involved three intercrop pat-
terns (planting four maize rows alternated with two rows
of soybean (4M:2S), planting two maize rows alternated
with four rows of soybean (2M:4S), and planting three
maize rows alternated with two rows of soybean (3M:35),
in addition to planting sole maize crop (SMC) and sole
soybean crop (SSC) (Fig. 2). Sub-plots were allocated
to three N fertilization treatments including fertilization
with 288 kg N ha™! (100% of mineral N (MN100%), as a
recommended dose (RD) as well as nano-chitosan loaded
N (CS-NNPs) involving 216 kg N ha™' as 75% of RD + 2
foliar sprays of CS-NNPs composite (MN75% + 2CS-
NNPs) and 144 kg N ha™! as 50% of RD + 3 foliar sprays
of CS-NNPs composite (MN50% + 3CS-NNPs). Mineral
N in the form of urea (CO(NH,),) containing 46% N was
applied to maize plants in two equal portions at 20 and
35 days after planting (DAP). According to CS-NNPs
treatment, the spray solution was applied to synchronize
35 and 50 DAP (for the treatment involved two sprays)
and 35, 50, and 65 DAP (for the treatment involved three
sprays), at a rate of 500 mg N L™! using 480 L ha™! of
water as carrier/solvent. Tween-20, a surfactant agent,
was mixed with each applied spray to guarantee an effica-
cious penetration to CS-NNPs in maize leaves. Each sub-
plot area in mono or intercropping patterns was included
6 rows, 3M in length, and 0.7 m apart, forming an area of
12.6 m?. Grains of yellow maize single-cross 168, a local
hybrid commonly cultivated by farmers, were manually
planted on May 29, 2019, and May 20, 2020, on one side
of the ridge at a uniform depth of 0.03-0.05 m with two
grains per hill at an inter-hill spacing of 0.25 m. Similarly,
the soybean Giza 111 cultivar seeds were planted on one
side of the ridge at 0.03—-0.05 m depth at an inter-seed
spacing of 0.2M.

In both seasons, maize plants were fertilized with P
and K fertilizers at rates of 54 kg P,0O5 ha™" in the form of
monocalcium phosphate (15.5% P,0Os) during land prep-
aration and 119 kg K,0 ha™! in the form of potassium
sulfate (48% K,O) at 28 DAP. The soybean seeds were
inoculated immediately before planting with Bradyrhizo-
bium japonicum as a bacterial symbiont (obtained from the
Egyptian Agriculture Ministry). Soybean plants received
a starter N dose of 15 kg ha™! due to the low N-fixing
potential of legumes at the initial growth stages, and such
a dose is necessary to ensure healthy growth and uniform
soybean plant stands (Gai et al., 2017). A surface flood
irrigation system was used (common practice in the study
area), where plants were irrigated 12—15 days interval.
Weeding was done on all experimental plots at 24 DAP
concurrently with hilling-up for maize and soybean plants
by displacing soil from the unplanted inter-ridge space.
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Fig.2 A schematic representation indicating the different maize/soybean intercropping systems tested in this study. SMCsole maize crop,
SSCsole soybean crop, 4M:2S54Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S 3Maize:3 soybean

Preparation and Characterization of CS-NNPs
Composite

Following the protocol of Corradini et al. (2010), the
CS-NNPs composite was prepared by the polymeriza-
tion of methacrylic acid (PMAA) in a CS solution fol-
lowed by the loading of the N element in two consecu-
tive steps. Firstly, the nano-chitosan (CS-NPs) suspension
was prepared using a waterish solution of 0.2% (w/v) of
medium molecular weight CS (190-310 kDa and >75%
deacetylated) and PMAA (0.5%; v/v) under continuous
magnetic stirring at 600 rpm for 12 h using an MSH-20D
stirrer device (Wise Stir, Korea). Secondly, 0.2Mmol of
alkaline K,S,0Og, a radical initiator agent, was added to
this mixture with continuous stirring until attaining a clear
homogeneous solution. These reactant substances were
sealed under refluxing conditions and stirred well at 70

°C for 2 h to form chitosan polymerization methacrylic
acid nanoparticles (CS-PMAA-NPs) and then quickly
cooled in an ice-bath (de Moura et al., 2008; Hasaneen
etal., 2014). This CS-PMMAA-NPs suspension is used for
N loading. An appropriate amount of CO(NH,), equivalent
to 500 ppm N is dissolved in a given volume of the above
suspension under magnetic stirring for 8 h at 25 °C to
obtain the CS-NNPs. The surface of nanosheets (NSs)-like
morphology and the elemental distribution of CS-NNPs
were characterized by a field-emission scanning electron
microscope (FE-SEM) apparatus (Carl ZEISS AG, sigma
500 VP, Germany) attached with energy-dispersive X-ray
spectroscopy (EDS) unit. The average size and zeta poten-
tial of the obtained CS-NNPs were determined by measur-
ing zeta size using a Zetasizer Nano-ZS system (Malvern
Instruments Ltd., Worcestershire, UK).
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Agronomic Traits and Maize Photosynthetic
Partitioning of Maize-Soybean Intercrop

At the fully ripe (BBCH 89, kernels hard and shiny; Meier,
2001) stage of maize, five plants were randomly selected
from each sub-plot to measure plant height, leaves no.
plant_l, ear leaf area, leaf area index (LAI), ear length,
kernels weight ear™!, ears weight plant™!, biological
yield plant™!, and grain yield plant™'. Similarly, ten soy-
bean plants, at full seed maturity (BBCH 89) stage, were
randomly selected to measure plant height, branches no.
plant™!, pods no. plant™!, seed yield plant™!, and 100-seed
weight. Grain and seed yield for maize and soybean, respec-
tively, as well as biological yield, were determined based on
sub-plot yield plus the yield of the individual maize and soy-
bean plants sampled before and were converted into t ha™".
For adjusting grain/seed yields of maize and soybean-based
on 14% and 12% moisture content, respectively. A 200-g
subsample of grain/seed was weighed, dried at 105+2 °C
to a constant weight, and then weighed additional for final
adjusted grain yield computation. To determine the grain,
biological, and vegetative yield contributions per unit leaf
area in maize crop, the relative photosynthetic potentials
(RPPs) for grain, biological, and vegetative yields, were cal-
culated according to McGraw (1977) and Snyder and Carl-
son (1984) as follows: RPP for grain yield (g m~2) = grain
yield plant™!/LAI, RPP for biological yield (g m~2)=bio-
logical yield plant™!(g)/LAI and RPP for vegetative yield
(g m~?)=RPP for biological yield—RPP for grain yield.

Biological Efficiency of Maize-Soybean Intercrop

The biological efficiency of the maize-soybean intercrop-
ping system was evaluated using the land equivalent ratio
(LER), land equivalent coefficient (LEC), land-use efficiency
(LUE), area time equivalent ratio (ATER), system produc-
tivity index (SPI), and percent yield difference (PYD). The
LER as described by Mead and Willey (1980) indicates the
relative area of the monocrop that is required to produce an
equivalent yield obtainable under intercropping as follows:

LER = (LER,, + LER,)
LERm = Ymi/Yms
LERQ = Ysi/Yss

where LER, and LER, indicate the partial LER of maize
and soybean under the intercropping patterns, respectively,
whereas Y ; and Y represent the grain and seed yield of
maize and soybean, respectively, under the intercropping
patterns. In contrast, Y, and Y indicate the respective
yields under the sole crop. LER values above 1 refer to inter-
cropping yield advantage, whilst those below 1 refer to a dis-
advantage of intercropping thus, advising for the cultivation
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of the respective crops as monocrops (Machiani et al., 2018;
Mead & Willey, 1980).

The LEC proposed by Adetiloye et al. (1983) is a product
of LER,, and LER; as follows: LEC=(Y ;X Y )/(Y, X Yo)-
The LUE was calculated using LER and ATER values (Mead
& Willey, 1980; Yaseen et al., 2014) according to the follow-
ing equation. LUE =[LER + (ATER/2)] X 100. The ATER
was suggested as a modification for LER (Mead & Willey,
1980). It was calculated to compare the yield advantage of
maize-soybean intercropping to the sole cropping, consider-
ing the number of hectare-days from planting to maturity by
the component crops (Hiebsch & McCollum, 1987; Doubi
et al. 2016) under intercropping patterns as follows: ATE
R=[(LER,, xd)+ (LER X d,)]/D, where d_, and d denote
the growth period of maize and soybean, respectively, in
days from planting to maturity. D denotes the duration of the
component crops in days with the longest growing period.

The SPI was used to evaluate the yield stability of the
intercropping patterns by standardizing the soybean yield as
a secondary crop in terms of maize as a primary crop (Ageg-
nehu et al., 2006; Odo, 1991) as follows: SPI=Y 4+ [(Y,/
Y. ) XY ]. The PYD proposed by Afe and Atanda (2015),
by definition, indicates the percentage yield difference
between the sole crop and the intercrop. The sole crop
yield is assumed to be 100% and a loss in one component
crop's yield is commonly compensated by an increase in the
companion crop's yield. In contrast to the other indices, the
greater the PYD value, the lower the intercropping system's
efficiency, and vice-versa (Afe & Atanda, 2015). The PYD
was calculated as: PYD =100—[(Y s — Y i)/ Y o) + (Y
- Y)Y, )]x100.

Interspecific Competition Indices in Maize-Soybean
Intercrop

Relative crowding coefficient (RCC), actual yield loss
(AYL), and aggressivity (AG) were utilized to evaluate
the interspecific competitive effect between the maize and
soybean crops in different intercropping patterns. The RCC
proposed by Ghosh (2004) is used to evaluate the relative
dominance or aggressiveness of either soybean on maize or
vice-versa (Gitari et al., 2020; Lithourgidis et al., 2011) in
intercropping patterns. The RCC was calculated as:

RCC, = (Yoni X Zo)/ [(Yins— Yiniy X Zin)
RCCs = (Ysi X Zm)/ [(Yss_ Ysi) X Zs]

where RCC,, and RCC;, represent the partial RCC of maize
and soybean under the intercropping patterns, respectively.
Z,., denotes the sown proportion (%) of maize to soybean in
the mixture whereas Z, denotes that of soybean to maize.
RCC value > 1 indicates the species is more competitive,
when RCC value =1 there is no competition between the
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two intercropped species, and when RCC < 1 the species is
less efficient in environmental resource utilization resulting
in a relative productivity loss. The AYL is a competition
indicator that reflects the equivalent yield loss or gain of
component crops compared with their pure stand, provid-
ing more detailed information about the inter- and intra-
competition of intercrops (Banik, 1996). In contrast to LER,
AYL considers the actual sown proportion of land in the
field occupied by the intercrops.

AYL = AYL, + AYL,
AYL, = [LER, X (100/Z,) — 1]

where AYL,, and AYL, refer to the proportional produc-
tivity loss of maize and soybean, respectively, under an
intercropping pattern relative to their productivities in pure
stand. Positive and negative AYL values denote the accrued
advantage and disadvantage, respectively, in intercrops when
the primary objective is to compare the yield on a per-plant
basis (Dhima et al., 2007; Machiani et al., 2018). The AG
is adopted as a competition indicator to measure how much
the relative productivity increase of a given crop is higher
than that of the other crop (Gitari et al., 2020; McGilchrist,
1965) in an intercropping pattern as follows:

AGy, = [Yoi/ (Yims X Zo)] = [Ya/ (Y X Z)]
AG, = Y3/ (Y X Zg)] = [Youi/ (Yo X Ziy)]

where AG,, and AG, represent the aggressivity of maize and
soybean, respectively, under the intercropping patterns. If
AG,, or AG,=0, both crops in the intercropping pattern are
evenly competitive, if AG,, is positive then the maize crop
is dominant over the soybean, if AG,, is negative then the
maize is the dominated crop.

Economic Efficiency of Maize-Soybean Intercrop

The economic efficiency indices, e.g., total revenue (TR), net
profit (NP), income equivalent ratios (IER), maize equiva-
lent yield (MEY), monetary advantage index (MAI), relative
value total (RVT), and replacement value of intercropping
(RVI) were calculated to assess the economic feasibility of
maize-soybean intercropping patterns integrated with min-
eral-NNPs fertilization. The TR was computed by consider-
ing the economic yields (e.g., grain and seed for maize and
soybean, respectively) based on prevailing market prices of
agricultural inputs, human labor, and returns during the 2019
and 2020 seasons in U.S. dollars (US$). All monetary values
were converted to US$ according to the average local official
exchange price, which amounted to 17.87 and 17.88 Egyp-
tian pounds for each US$ 1 in the 2019 and 2020 seasons,

respectively. Output prices were US$ 199.86 and 199.74 t!
for maize grains and US$ 447.68 and 447.43 t~! for soy-
bean seeds in the 2019 and 2020 seasons, respectively. The
TR (US$ ha~!) =monetary value of maize grains+ mon-
etary value of soybean seeds. The NP (US$ ha™!)=[(Y xP)
— VPC], where Y is the economic yield (grain or seed) in t
ha™!, Pis the yield price in US$ t!, and VPC is the variable
production costs (e.g., seeds, fertilizers, irrigation, human
labor, power, etc.) in US$ ha~! (Abdul Rahman et al., 2021).
The IER concept (Devasenapathy, 2008) is defined as the
land area required under monocropping to that under inter-
cropping to obtain similar total income under a comparable
agricultural management level. IER implements a compara-
ble concept to LER; however, in opposition to LER, which
measures crop productivity, instead, IER utilizes for gross
income measurement. The IER was calculated as:

IER = IER, + IER,
IER, = (Y X Pp/Ype X Pp)
IER, = (Y4 X P;/Y X Py)

where IER | and IER| represent the partial IER of maize and
soybean under the intercropping patterns, respectively. P,
and P, donate market prices of maize (grain) and soybean
(seed), respectively. IER values > 1 indicate the economic
profitability advantage for intercropping compared to the
respective crops as monocrops. The economic yields (grain
and seed) were converted into MEY (Gitari et al., 2019)
according to the following equation: MEY =Y ; + [(Y{ X P,/
P.]. The MAI was computed (Finney 1990; Ghosh, 2004)
as the following equation: MAI=[(Y ;X P_)+ (Y xXP)]
X [(LER - 1)/LER]. Despite the LER indicator being the
most often used in agronomic research, it does not con-
sider the economic value of the intercropped crops. The
RVT described by Alabi and Esobhawan (2006) provides
a solution to such a flaw. This is particularly favorable for
farmers who are targeting the economic profitability of
the intercropping enterprise. The RVT was calculated as:
RVT=[(Y,,i XP) + (Y3 XPOI/(Y s X P,,). The RVI (Mose-
ley, 1994; Singh et al., 2015) is an indicator that accounts for
the VPC of maize as the main crop in a sole stand (VPC,_,,);
hence it is a better index than the RVT and was calculated as
follows: RVI=[(Y i XP) + (Y XPIVI(Y s X P, )—VPC,

Statistical Analysis

A combined analysis was performed for the data of the two
experimental seasons by Bartlett’s chi-square test after veri-
fying the homogeneity of experimental error variance. All
obtained data, except for economic analysis indices, were
statistically analyzed according to the technique of ANOVA
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for split-plot design (Gomez & Gomez, 1984) utilizing Gen-
Stat computer software (Release 12.1, VSN International
Ltd, Oxford, UK) package. The maize-soybean intercrop-
ping treatments, foliar applied-nano chitosan-loaded N
levels, and their interaction set as considered fixed factors,
while growing years, replications, and their interaction were
considered random factors. The differences among treatment
means were compared at a significant level of p <0.05 by
Duncan’s multiple range as a post hoc test (Steel & Torrie,
1980). Graphs were constructed using GraphPad Prism 6.1
graphical software.

Fig.3 Characterization of nano-
chitosan-loaded N (CS-NNPs)
composite (a, b) FE-SEM
images of CS-NNPs composite,
¢ the corresponding Energy
Dispersive Spectroscopy (EDS)
elemental distribution (e.g., C,
0O, Na, P, Sm, and N indicate
carbon, oxygen, sodium, phos-
phorus, samarium, and nitrogen,
respectively), and d EDS image
for N shows its uniform distri-
bution over the nanocomposite
surface. e Size distribution of
the constituent CS-NNPs as
estimated from zeta sizer meas-
urements

Results
Characterization of CS-NNPs Composite

The FE-SEM images (Fig. 3a, b) revealed that the CS-
NNPs composite appeared in excellent 2D nanosheets. Few
nanosheets are wrinkled during the freeze-drying process
that is applied to get a solid sample (as required for FE-
SEM imaging) from CS-NNPs composite suspension. The
elemental distribution results (Fig. 3c-d) declare the uniform
distribution of constituent elements within the prepared CS-
NNPs as a nano-fertilizer and the successful N loading to
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Table 2 Maize growth characteristics and yield components as affected by maize-soybean intercropping pattern (IP) and nitrogen fertilization
(N) (data pooled over 2019 and 2020 years, Y)

Treatment Plant height Leaves no. plant™! Ear leaf area Leaf area index  Ear length Kernels weight ear™ Ears weight
planfl
(cm) (cm?) (cm) ()
hig
SMC 254.0+2.52 16.2+0.28a 837.8+17.5a  5.15+0.10a 28.1+0.35a  2232+5.9a 353.8+13.0a
4M:2S 238.9+5.5b 14.4+0.18b 723.4+19.0b  4.13+0.08b 24240050  167.3+4.3b 303.6+10.3b
2M:4S 239.7+2.7b 13.9+0.18b 600.9+19.6d 3.43+0.11d 23.1+0.50c  180.6+6.3b 301.4+10.2b
3M:3S 242.1+2.5b 14.1+0.12b 6613+11.3c  3.78+0.06¢ 23.9+046bc  166.2+6.5b 295.2+7.3b
N
MN100% 235.9+2.0b 14.4+0.29b 653.5+22.1c  3.83+0.15c 238+047b  172.2+6.9b 294.0+8.7¢
MN75% +2CS-NNPs 249.3+4.0a 14.8+0.25a 752.3+21.9a  4.40+0.15a 265+0.50a  199.9+6.4a 333.9+10.2a
MN50% +3CS-NNPs 245.9+3.0a 14.6+0.21ab 711.8+21.8b  4.15+0.15b 242+0.54b  180.8+6.2b 312.7+£9.9b
IPxN
SMC x MN100% 238.0+4.0b-d  16.0+0.73a 801.7+6.3a  4.95+0.04b 268+025a  2103+11.7a 342.5+12.1a
SMCXMN75%+2CS-NNPs  266.9 +4.5a 16.6+0.22a 874.0+19.7a  538+0.11a 29.7+0.74a  239.5+6.7a 371.5+26.0a
SMCXMN50% +3CS-NNPs ~ 257.2+5.1a 15.9+0.36a 837.8+19.1a  5.12+0.11b 27840492  219.8+6.1a 347.5+28.5a
4M:2S X MN100% 230.2+0.9d 14.5+0.22a 659.4+34.4a  3.77+0.04d 243+05la  162.6+4.2a 2722+17.5a
4M:2S X MN75% +2CS-NNPs  244.8 +8.4b 14.2+0.29a 753.9+34.6a  4.32+0.13c 252+057a  1823+6.7a 321.6+20.8a
4M:2S X MN50%+3CS-NNPs  241.7+6.1bc ~ 14.4+0.33a 756.9+28.1a  4.31+0.19¢ 233+049a  156.9+5.8a 317.0+15.7a
2M:4S x MN100% 232.6+38cd  13.6+0.42a 564.7+29.1a  3.23+0.17¢ 219+0.66a  170.5+14.3a 281.7+15.7a
2M:4S XMN75%+2CS-NNPs  242.1+4.3bc  14.2+0.27a 640.8+36.3a  3.66+0.21d 255+053a  196.8+10.5a 332.7+15.1a
2M:4S X MN50% +3CS-NNPs  244.4 +4.3b 13.8+0.26a 597.2+22.8a  3.41+0.13¢ 21.9+0.82a  174.4+4.0a 289.7+17.0a
3M:3S x MN100% 2427+45bc  13.6+0.18a 588.0+7.1a  3.36+0.04e 22240462  145.6+8.4a 279.6+7.0a
3M:3S X MN75%+2CS-NNPs 2433+39bc  14.2+0.20a 740.5+20.5a  4.23+0.12¢ 257+0.78a  180.9+10.2a 309.6+12.3a
3M:3S X MN50%+3CS-NNPs  240.3+3.6b-d  14.4+0.17a 6555+16.0a  3.75+0.09d 238+0.67a  1722+13.3a 296.5+6.4a
P-value
Y 0.111" 0.090 " 0.125" 0.475" 0.291 " 0.028" 0.030"
P 0.017" <0.001™ <0.001™ <0.001™ <0.001™ <0.001™" <0.001"
N <0.001™ 0.045 <0.001™ <0.001™ <0.001™ 0.002" 0.004"
IPxN 0.013" 0.597 " 0.057 " 0.002" 0.100™ 0.497 " 0.620"
C.V. (%) 3.6 6.1 5.5 3.7 53 9.4 10.1

SMCsole maize crop, 4M:254Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, CS-NNPsnano chitosan-loaded N com-
posite, MN100% 288 kg mineral N ha~!, MN75%+2CS-NNPs216 kg mineral N ha~!+2 sprays of CS-NNPs, and MN50%+3CS-NNPs 144 kg
mineral N ha~! 43 sprays of CS-NNPs

Means not sharing the common letters for each factor in each column differ significantly at p <0.05 based on Duncan’s multiple range

* and ** indicate differences at p <0.05 and p <0.01 probability level, respectively and ns=not significant at p=0.05

the nano-chitosan surface. The average particle size and zeta
potential (£) for the prepared CS-NNPs composite in this
study were 45.3 +2 nm (Fig. 3e).

Agronomic Traits and Maize Photosynthetic
Partitioning of Maize-Soybean Intercrop

Different maize-soybean intercropping treatments (IPs)
significantly (p <0.05) affected the growth, yield, and yield
components of maize and soybean (Tables 2, 3, 4 and 5).
Monocropping of maize (SMC) or soybean (SSC) resulted
in statistically significant higher values of most growth and
yield traits than the tested intercropped treatments. Ear leaf
area, LAI, ear length, grain yield plant™!, and biological
and grain yields of intercropped maize were, higher under

the 4M:2S pattern (723.4 cm?, 4.13,24.2 cm, 167.3 g, and
303.6 g, respectively) than 2M:4S, which recorded the low-
est values of these traits. However, for soybean, the plant
height, branches no. plant™!, pods no. plant™, seed yield
plant_l, 100-seed weight, yield in terms of biological, straw,
and seed were, higher under the 2M:4S pattern (108.2 cm,
2.92,104.7,21.8 g, 16.8 g, 8.32 t ha™!, 6.19 t ha™! and
2.13 t ha™!, respectively) than under 4M:2S pattern, which
recorded the lowest values of these traits.

Growth and yield-related parameters of maize and
soybean were affected significantly by N fertilization
applications (Tables 2, 3, 4 and 5). The application of
MN75% +2CS-NNPs treatment significantly (p <0.05)
increased plant height (by 5.7 and 1.4%), leaves no. plant™!
(by 2.8 and 1.4%), ear leaf area (by 15.1 and 5.7%), LAI (by
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Table 3 Maize yields as

. Treatment Biological yield  Grain yield Biological yield  Grain yield
affected by maize-soybean —1 o
intercropping pattern (IP) (g plant™) (tha™)
and nitrogen fertilization (N) P
(data pooled over 2019 and
2020 years, Y) SMC 2253.0+126.4a 409.5+11.5a 37.4+0.5a 10.91+0.16a
4M:2S 19153 +51.1a 356.3+5.9b 29.7+1.3b 8.39+0.19b
2M:4S 2022.5+109.2a  194.0+5.8¢c 21.0+0.6d 6.48 +£0.13d
3M:3S 2221.6+116.4a 331.8+6.4b 27.0+0.6¢c 7.32+0.11c
N
MN100% 2039.8+100.2a  312.0+18.1b  26.1+1.0c 8.17+£0.37b
MN75% +2CS-NNPs 2251.0+87.2a 3412+17.6a 314=x1.6a 8.66+0.39a
MN50% + 3CS-NNPs 2018.5+88.9a 3154+174b  28.9+1.4b 7.99+£0.34b
IPxXN
SMC x MN100% 2123.5+309.7a  395.1+223a  30.7+0.7c 10.77+0.08b
SMC X MN75% +2CS-NNPs 2478.0+131.0a  434.5+213a 43.2+1.0a 11.53+0.18a
SMC x MN50% + 3CS-NNPs 2157.6+215.0a  399.0+16.5a 38.4+0.9b 10.42+0.35b
4M:2S x MN100% 1910.8 £64.2a 361.2+5.9a 29.4+0.7cd 8.37+0.27 cd
4AM:2S X MN75% +2CS-NNPs  1980.0 +48.8a 3659+10.1a  30.5+0.5¢ 8.77+0.18¢c
4M:2S X MN50% +3CS-NNPs  1855.2+69.3a 341.7+5.4a 293+1.2cd 8.03+0.35de
2M:4S x MN100% 1805.0+1458a 179.5+7.2a 18.7+03¢g 6.05+0.25h
2M:4SXMN75%+2CS-NNPs  2330.0+251.5a 218.5+129a 23.8+0.8e 6.62+0.17 g
2M:4S X MN50% +3CS-NNPs 19325+ 188.6a 183.9+7.4a 20.5+1.5¢ 6.76+0.14 g
3M:3S x MN100% 2320.0+179.1a  312.2+7.1a 25.4+0.7e 7.50+0.09f
3M:3SXMN75%+2CS-NNPs  2215.8+174.5a  346.1+9.5a 27.9+0.4d 7.71+£0.07ef
3M:3S X MN50%+3CS-NNPs  2128.8+213.6a  337.1+9.8a 27.5+0.5d 6.75+023 g
P-value
Y 0.467" 0.288 ™ 0.148™ 0.395™
P 0.216™ <0.001™ <0.001" <0.001"
N 0.107™ 0.003" <0.001" 0.005™
IPXN 0.609 ™ 0.063™ <0.001" <0.001"
C.V. (%) 19.0 5.6 55 4.0

SMC sole maize crop, 4M:2S4Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, CS-
NNPsnano chitosan-loaded N composite, MN100%288 kg mineral N ha™!, MN75%+2CS-NNPs216 kg
mineral N ha~! 42 sprays of CS-NNPs, MN50%+3CS-NNPs 144 kg mineral N ha~! +3 sprays of CS-NNPs

Means not sharing the common letters for each factor in each column differ significantly at p <0.05 based

on Duncan’s multiple range

* and ** indicate differences at p <0.05 and p <0.01 probability level, respectively and ns=not significant

at p=0.05

14.9 and 6.0%), ear length (by 11.3 and 9.5%), kernels weight
ear ! (by 16.1 and 10.6%), ears weight plant™! (by 13.6 and
6.8%), grain yield plant™' (by 9.4 and 8.2%), biological yield
(by 20.3 and 8.7%), and grain yield (by 6.0 and 8.4%) of
maize compared with MN100% and MN50% + 3CS-NNPs
treatments, respectively. Also, the highest increase in soy-
bean plant height, branches no. plant™!, pods no. plant™!,
seed yield plant™!, 100-seed weight, yield in terms of bio-
logical, straw, and seed due to N fertilization was observed
under application of MN75% +2CS-NNPs treatment, with
increases of 5.3-8.3%, 20.9-23.9%, 7.9-3.8%, 11.1-16.2%,
4.2-6.1%, 15.2-9.3%, 17.9-9.9%, and 17.0-12.2% com-
pared with MN100% and MN50% + 3CS-NNPs treatments,

@ Springer

respectively. There is a significant IP X CS-NNPs inter-
action effect on growth and yield-related parameters of
maize and soybean. For maize crop, the application of
SMC x MN75% + 2CS-NNPs interaction, followed by
4M:2S Xx MN75% +2CS-NNPs interaction owned the highest
plant height, LAI, biological yield, and grain yield. For soy-
bean, the interaction application of SSCx MN75% +2CS-
NNPs, followed by 2M:4S X MN75% + 2CS-NNPs resulted
in the highest branches no. plant™!, seed yield plant™!, 100-
seed weight, biological yield, straw yield, and seed yield.
Results presented in Fig. 4a-c, illustrate the effects of
IPs and N fertilization on RPPs for biological, vegetative,
and grain of maize. The RPPs for biological and vegetative
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Table 4 Soybean yield components as affected by maize-soybean intercropping pattern (IP) and nitrogen fertilization (N) (data pooled over 2019

and 2020 years, Y)

Treatment Plant height (cm) Branches no. plant‘l Pods no. plant_1 Seed yield plant‘1 100-seed weight
(2
P
SSC 117.7+1.8a 4.23+0.06a 124.3+2.3a 26.0+0.6a 17.9+0.1a
4AM:2S 96.4+1.5¢ 243+0.11c 86.4+2.0c 18.1+0.9d 16.0+0.4c
2M:4S 108.2+1.3b 2.92+0.09b 104.7+3.3b 21.8+0.5b 16.8+0.1b
3M:3S 100.0+3.1¢c 2.81+0.10b 91.4+2.1c 18.8+0.5¢ 16.6+0.2b
N
MN100% 104.7 +2.0ab 2.92+0.13b 97.9+3.5b 20.7+0.6b 16.7+0.1b
MN75% +2CS-NNPs 110.3+2.7a 3.53+0.16a 105.6+3.7a 23.0+0.9a 17.4+0.3a
MN50% +3CS-NNPs 101.8+2.4b 2.85+0.16b 101.7+2.8ab 19.8+0.9¢ 16.4+0.2b
IPxN
SSCxMN100% 111.4+2.4a 3.90+0.09b 118.7+5.6a 22.2+0.7d 17.3+0.1b
SSCxMN75% +2CS-NNPs 124.2+3.7a 4.76 +0.05a 130.3+3.0a 29.2+1.0a 19.4+0.2a
SSCxMN50% + 3CS-NNPs 117.5+1.7a 4.04+0.09b 124.0+2.5a 26.5+1.0b 17.0+0.1b
4AM:2S x MN100% 95.4+13a 235+0.12¢ 85.2+2.5a 182+1.6 fg 15.940.3 cd
AM:2S xMN75%+2CS-NNPs  100.9+1.6a 2.88+0.13de 89.5+3.6a 19.9+0.5¢ 16.3+0.9b-d
4AM:2S x MN50% +3CS-NNPs ~ 92.8+1.6a 2.06+0.08 h 84.7+2.9a 16.0+£0.6 h 15.7+0.2d
2M:4S x MN100% 113.8+2.2a 2.77+0.08ef 100.8+6.5a 22.3+0.7d 16.8+0.1bc
2M:4SXMN75%+2CS-NNPs  109.8+2.0a 3.39+0.09¢ 106.3+4.8a 23.8+0.4c 17.3+0.2b
2M:4SXMN50%+3CS-NNPs  101.0+1.2a 2.62+0.03f 107.0+6.6a 19.4 +0.4ef 16.4+0.2b-d
3M:3S x MN100% 98.0+2.5a 2.67 +0.09ef 87.0+2.5a 19.9+0.7e 16.9+0.1bc
3M:3SXMN75%+2CS-NNPs  106.3+7.1a 3.08+0.07d 96.2+4.0a 19.1+0.5¢ef 16.7+0.3b-d
3M:3SXMN50%+3CS-NNPs  95.8+4.8a 2.68+0.13ef 91.0+4.3a 17.2+0.3gh 16.3+0.4b-d
P-value
Y 0.602 " 0.278™ 0.064™ 0.077 "™ <0.001™
P <0.001™ <0.001™ <0.001™ <0.001"" <0.001™
N 0.034" <0.001™ 0.001" <0.001"" 0.007"
IPXN 0.067 " 0.025" 0.881" <0.001" 0.041"
C.V. (%) 6.6 6.1 8.7 5.5 4.8

SSCsole soybean crop, 4M:254Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, CS-NNPsnano chitosan-loaded N com-
posite, MN100% 288 kg mineral N ha™!, MN75%+2CS-NNPs216 kg mineral N ha™! 42 sprays of CS-NNPs, MN50%+3CS-NNPs 144 kg min-

eral N ha™! +3 sprays of CS-NNPs

Means not sharing the common letters for each factor in each column differ significantly at p <0.05 based on Duncan’s multiple range

*and ** indicate differences at p <0.05 and p <0.01 probability level, respectively and ns =not significant at p=0.05

in maize were 33.9 and 36.4%, and 48.0 and 42.0% higher
under 2M:4S and 3M:38S, respectively, than under SMC,
which recorded the lowest values of these parameters. The
highest statistical values of RPPs for grain were given by
SMC, 4M:2S, and 3M:3S, while the 2M:4S exhibited the
lowest value. The effect of N fertilization was only signifi-
cant on the RPP for grain. In this regard, the fertilization
with MN100% significantly exceeded both MN75% +2NNPs
and MN50% + 3CS-NNPs treatments by 5.2% and 8.1%,
respectively. Concerning the IP X CS-NNPs interaction,
4M:2S x MN100% recorded the highest RPP for grain com-
pared with the lowest value of 4M:2S X MN50% + 3NNPs.

Biological Efficiency of Maize-Soybean Intercrop

The partial LER , significantly (p <0.05) increased (0.77)
as the proportion of soybean decreased (4M:2S), whereas
partial LER¢ increased (0.77) with decreasing maize planting
ratio (2M:4S) in the evaluated IPs. The total LER value for
each tested intercropping pattern was greater than the unity
(Fig. 5a), indicating a yield advantage compared to pure
stands. Total LER increased significantly (p <0.05) when the
soybean proportion increased. For example, 2M:4S recorded
a higher total LER (1.37) compared to 4M:2S (1.28) and
3M:3S (1.32). Fertilization with MN100% recorded the max-
imum value of total LER surpassing MN75% +2CS-NNPs
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Table 5 Soybean yields and

K Treatment Biological yield Straw yield Seed yield
as affected by maize-soybean )
intercropping pattern (IP) (tha™)
and nitrogen fertilization (N) P
(data pooled over 2019 and
2020 years, Y) SSC 12.52+0.11a 8.85+0.10a 2.76 £0.03a
4M:2S 6.55+0.34d 5.16+£0.37c 1.39+£0.07d
2M:4S 8.32+0.07b 6.19+£0.07b 2.13+£0.04b
3M:3S 7.19+0.27¢c 5.43+£0.25¢ 1.76 £0.04¢c
N
MN100% 8.09+0.39¢c 5.91+0.2Ic 1.88+£0.09¢c
MN75% +2CS-NNPs 9.32+0.62a 6.97+0.47a 2.20+0.12a
MN50% + 3CS-NNPs 8.53+0.50b 6.34+0.33b 1.96+£0.12b
IPxN
SSCxMN100% 10.98 +0.18¢ 7.32+0.18c 2.43+£0.03c
SSCXxMN75% +2CS-NNPs 14.09+0.21a 10.45+0.21a 3.07+0.03a
SSCxMNS50% +3CS-NNPs 12.48 +£0.15b 8.79+0.13b 2.80£0.03b
4M:2S x MN100% 6.46 +0.441 5.18+£0.16e 1.28+0.06 h
4M:2S Xx MN75% +2CS-NNPs 6.59+0.15hi 5.05+£0.44e 1.55+0.06 g
4M:2S Xx MN50% +3CS-NNPs 6.60 +0.09hi 5.24+£047e 1.35+0.07 h
2M:4S x MN100% 7.69+0.18ef 5.65+0.16de 2.04+£0.04e
2M:4S X MN75% + 2CS-NNPs 9.22+0.05d 6.92+0.08c 2.30+0.07d
2M:4S x MN50% + 3CS-NNPs 8.05+0.10e 5.99+0.13d 2.06+0.03e
3M:3S X MN100% 7.24+0.43f-h 5.48+0.42de 1.77 £0.06f
3M:3S X MN75% +2CS-NNPs 7.35+0.46 fg 5.47+0.41de 1.88 +£0.06f
3M:3S X MN50% + 3CS-NNPs 6.99+0.32 g-i 5.34+0.35de 1.65+0.07 g
P-value
Y 0.891™ 0.167™ 0.064™
P <0.001" <0.001" <0.001"
N <0.001" <0.001" <0.001"
IPXN <0.001" <0.001" <0.001"
C.V. (%) 5.8 8.0 4.9

SSCsole soybean crop, 4M:254Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, CS-
NNPsnano chitosan-loaded N composite, MN100%288 kg mineral N ha™!, MN75%+2CS-NNPs216 kg
mineral N ha~! 42 sprays of CS-NNPs, MN50%+3CS-NNPs 144 kg mineral N ha™! +3 sprays of CS-NNPs

Means not sharing the common letters for each factor in each column differ significantly at p <0.05 based

on Duncan’s multiple range

* and ** indicate differences at p <0.05 and p <0.01 probability level, respectively and ns=not significant

at p=0.05

and MN50% + 3CS-NNPs treatments. The interaction appli-
cation of 2M:4S x MN100%, 2M:4S x MN50% + 3NNPs,
and 3M:3S Xx MN100% resulted in the highest total LER
(1.40, 1.38, and 1.43, respectively).

Intercropping maize with soybean resulted in a sig-
nificant (p £0.05) effect on LEC, LUE, ATER, SPI, and
PYD (Table 6). Generally, all these indices increased with
increasing the ratio of soybean in the intercropping pat-
tern. Across CS-NNPs treatments, LEC, LUE, ATER, SPI,
and PYD were low (0.39, 188.8, 1.22, 13.9, and 27.8) in
4M:28S, intermediate (0.43, 195.1, 1.27, 14.4, and 31.8)
in 4M:2S and high (0.46, 203.3, 1.32, 14.9, and 37.1),
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respectively in 2M:4S. Regarding N fertilization treat-
ments, MN100% treatment resulted in the highest val-
ues of LEC, LUE, ATER, SPI, and PYD, followed by
MN75% + 2NNPs and MN50% + 3NNPs. Notably, there
was no significant difference in SPI between MN100% and
MN75% + 2NNPs treatments. Without any statistically
significant difference among them, the interaction appli-
cations of 2M:4S Xx MN100%, 2M:4S X MN75% + 2CS-
NNPs, and 3M:3S Xx MN100% resulted in the highest
LEC, LUE, ATER, and PYD. Likewise, both interactions
of 2M:4S Xx MN75% +2CS-NNPs and 3M:3S x MN100%
recorded the highest SPI which were statistically parallel.
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Interspecific Competition Indices in Maize-Soybean
Intercrop

Based on pooled data across the seasons, only maize under
the 2M:4S pattern had a higher RCC value (Fig. 6a). Higher
(3.07 and 5.76) and lower (1.89 and 4.01) RCC,, and total
RCC were under 2M:4S and 4M:2S intercropping patterns,
respectively. RCCs did not change with changing in IPs.
MN75% +2CS-NNPs and MN50% + 3CS-NNPs resulted
in 34.5% and 40.5% for RCCs and 44.5% and 39.9% for
total RCC lower compared to MN100% treatment. Regard-
ing IPs X N fertilization interaction, MN75% + 2CS-NNPs

or MN50% + 3CS-NNPs, when interacted with any of the
evaluated IPs, had lower RCC,, and RCC, than MN100%.
AYL,, was positive and greater than AYL, in 2M:4S
(Fig. 6b). Maize was the dominant crop as indicated by
positive values of partial AYL,, that varied significantly
between IPs in decreasing order: 2M:4S (0.81) <3M:3S
(0.35) <4M:2S (0.15). A higher partial AYLs (0.44) was
found when the intercrops were fertilized with MN100%.
In addition, the highest partial AYL_ values were
recorded under 2M:4S X MN50% + 3CS-NNPs (0.97), fol-
lowed by the 2M:4S X MN75% + 2CS-NNPs (0.74) and
2M:4S x MN100% (0.71). Total AYL values were positive
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Fig.5 Land equivalent ratio (LER; a) and income equivalent ratio
(IER; b) for maize (LER, and IER,)) and soybean (LER, and IER,)
as affected by intercropping pattern (IP), as affected by intercrop-
ping pattern (IP), fertilization with mineral nitrogen (N) and nano
chitosan-loaded N (CS-NNPs) composite, and their interaction
(data pooled over 2019 and 2020 years). 4M:2S4Maize:2 soybean,

and higher than zero in all interactions of IPs XN fertili-
zation interaction, indicating a better yield advantage of
maize-soybean intercropping compared with the mono-
cropping pattern. AG index was affected significantly by
the IPs, N fertilization treatments, and their interaction
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2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, MN100%288 kg
mineral N ha~!, MN75%+2CS-NNPs216 kg mineral N ha™'+2
sprays of CS-NNPs, MN50%+3CS-NNPs 144 kg mineral N ha™' +3
sprays of CS-NNPs. Data are mean value +SE. Bars with the same
letter are not significant at p <0.05. The dashed line represents an
LER or IER when equal to 1

(Fig. 7). Maize under 2M:4S and 3M:3S patterns had the
highest positive AG,, values (0.65 and 0.06), respectively,
indicating the highly competitive ability of this species
under maize-soybean intercropping levels. The dominance
(greater positive AG, values) of maize over soybean was
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Table6 Land equivalent coefficient (LEC), land use efficiency
(LUE), area time equivalent ratio (ATER), system productivity index
(SPI), and percentage yield difference (PYD) as affected by maize-

soybean intercropping pattern (IP) and nitrogen fertilization (N) (data
pooled over 2019 and 2020 years, Y)

Treatment LEC LUE (%) ATER SPI PYD
P
4M:2S 0.39+0.01b 188.8+2.7c 1.22+0.02¢ 13.940.24¢ 27.8+1.8¢c
2M:4S 0.46+0.01a 203.3+2.2a 1.32+0.01a 14.9+0.22a 37.1+1.5a
3M:3S 0.43+0.02a 195.1+3.7b 1.27+0.02b 14.4+0.30b 31.8+2.5b
N
MN100% 0.47+0.02a 204.6+3.3a 1.33+0.02a 14.9+0.20a 38.1+2.2a
MN75% +2CS-NNPs 0.41+0.01b 190.9+1.9b 1.24+0.01b 14.940.20a 29.0+1.3b
MN50% +3CS-NNPs 0.41+0.01b 191.7+3.2b 1.24+0.02b 13.5+0.26b 29.6+2.1b
IPxN
SSCx MN100% 0.41+0.03bc 193.6+6.3bc 1.25+0.04bc 14.1+0.31b 31.1+4.2bc
SSCxMN75%+2CS-NNPs 0.38+0.02¢ 186.7+4.2 cd 1.20+£0.03¢ 14.6+0.33ab 26.4+2.7 cd
SSCxMN50% + 3CS-NNPs 0.37+0.01c 186.0+3.2 cd 1.20+£0.02¢ 13.1+0.39¢ 26.0+2.0cd
4M:2S x MN100% 0.47+0.02a 208.5+4.9a 1.36+0.03a 15.1+0.25ab 40.5+3.3a
4M:28 x MN75% 4 2CS-NNPs 0.43+0.01b 196.3+2.7b 1.28+0.02b 15.3+0.42a 32.4+1.9b
4M:2S X MN50% + 3CS-NNPs 0.48+0.01a 205.1+1.2a 1.33+0.01a 14.4 +0.44ab 38.4+0.7a
2M:4S x MN100% 0.51+0.02a 211.5+3.4a 1.37+0.02a 15.4+0.27a 42.8+2.3a
2M:4S X MN75% 4 2CS-NNPs 0.41+0.01bc 189.8 +1.9b-d 1.23+0.01bc 14.8 +0.30ab 28.3+1.2b-d
2M:4S x MN50% + 3CS-NNPs 0.38+0.02¢ 184.0+6.3d 1.19+£0.04c 12.940.29¢c 24.3+4.2d
P-value
Y 0.093 ™ 0.061™ 0.044" 0.765"™ 0.072™
IP 0.001" 0.001" <0.001™ 0.001"" 0.001""
N 0.006™ 0.004™ 0.003™ 0.016" 0.004™
IPxN <0.001" <0.001™ <0.001™ <0.001™ <0.001™
C.V. (%) 5.1 2.5 25 2.6 10.0

4M:254Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3 soybean, CS-NNPsnano chitosan-loaded N composite, MN100% 288 kg
mineral N ha™!, MN75%+2CS-NNPs216 kg mineral N ha~' 42 sprays of CS-NNPs, and MN50%+3CS-NNPs 144 kg mineral N ha™' +3 sprays

of CS-NNPs

Means not sharing the common letters for each factor in each column differ significantly at p <0.05 based on Duncan’s multiple range

* and ** indicate differences at p <0.05 and p <0.01 probability level, respectively and ns=not significant at p=0.05

more noticeable under N fertilization treatments, especially
when both intercrops were fertilized with MN75% + 2CS-
NNPs (0.11) or MN50% + 3CS-NNPs (0.23) higher than
MN100%. About the IPs X N fertilization interaction, the
2M:4S X MN50% + 3CS-NNPs had a higher positive AG,
value (0.87), followed by 2M:4S X MN50% + 3CS-NNPs
(0.62) and 2M:4S x MN100% (0.46).

Economic Efficiency of Maize-Soybean Intercrop

Generally, the total IER values for IPs, N fertilization
treatments, and their interaction were greater than unity
(Fig. 5b), indicating better economic profitability over
pure stands. IP with a higher maize proportion (4M:2S)
had significantly greater partial IER,, (0.77) compared to
those with a higher soybean proportion (2M:4S), which

had greater partial IER (0.77). The overall IER for the
IPs indicated that 2M:4S had a significantly higher value
of 1.37 compared to 1.28 and 1.32 recorded with 4M:2S
and 3M:38S, respectively. The partial IERs and overall IER
for the fertilization treatments indicated that MN100% had
significantly higher values (0.70 and 1.38), followed by
MN75% +2CS-NNPs (0.62 and 1.29) and MN50% + 3CS-
NNPs (0.60 and 1.30), respectively. The interaction
application of 3M:3S x MN100%, 2M:4S X MN100%,
and 2M:4S X MN50% + 3CS-NNPs had the greatest over-
all IER (1.43, 1.40, and 1.38, respectively), followed by
2M:4S X MN75% + 2CS-NNPs (1.32). The highest TR
(2444.5, 2350.2, and 2381.9 US $ ha™!), NP (1496.4,
1347.1, and 1323.8 US $ ha™') and MEY (12.2, 11.8, and
11.9) were recorded under 4M:2S, 2M:4S, and 3M:3S
when fertilized with MN75% + 2CS-NNPs, respectively
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Fig.6 Relative crowding coefficient (RCC; a) and actual yield loss
(AYL; b) for maize (RCC,, and AYL_ ) and soybean (RCC, and
AYL,) as affected by intercropping pattern (IP), fertilization with
mineral nitrogen (N) and nano chitosan-loaded N (CS-NNPs) com-
posite, and their interaction (data pooled over 2019 and 2020 years).

(Table 7). For MAI, the highest values (685.4, 630.1,
609.1, and 574.4) were obtained under interaction appli-
cation of 3M:3S x MN100%, 2M:4S x MN50% + 3CS-
NNPs, 2M:4S x MN100%, and 2M:4S x MN75% + 2CS-
NNPs, respectively. The highest RVT values (1.10,
1.07, 1.07, and 1.06) were observed under the
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4M:2S54Maize:2 soybean, 2M:4S2Maize:4 soybean, 3M:3S3Maize:3
soybean, MNI00%288 kg mineral N ha~!, MN75%+2CS-
NNPs216 kg mineral N ha™' +2 sprays of CS-NNPs, MN50%+3CS-
NNPs 144 kg mineral N ha™' +3 sprays of CS-NNPs. Data are mean
value + SE. Bars with the same letter are not significant at p <0.05

interactive application of 2M:4S x MN50% + 3CS-
NNPs, 3M:3S X MN100%, 4M:2S x MN50% + 3CS-
NNPs, and 4M:2S X MN75% + 2CS-NNPs, respec-
tively. The RVI values were at the maximum level
(2.28, 2.23, and 2.14) with the application of
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Fig.7 Aggressivity (AG) for
maize (AG,,) and soybean (AG,)
as affected by intercropping
pattern (IP), fertilization with
mineral nitrogen (N), and nano
chitosan-loaded N (CS-NNPs)
composite, and their interac-
tion (data pooled over 2019 and
2020 years). 4M:2S 4Maize:2
soybean, 2M:4S2Maize:4
soybean, 3M:3S3Maize:3
soybean, MN100% 288 kg

mineral N ha™', MN75%+2CS- )
NNPs216 kg mineral N <
ha~!+2 sprays of CS-NNPs, b
MN50%+3CS-NNPs 144 kg
mineral N ha=! 43 sprays 054 ¢
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Table 7 Total revenue (TR), net profit (NP), maize equivalent yield
(MEY), monetary advantage index (MAI), relative value total (RVT),
and replacement value of intercropping (RVI) as affected by maize-

soybean intercropping pattern (IP) and nitrogen fertilization (N) (data
pooled over 2019 and 2020 years)

Treatment Revenue (US $ ha™!) NP (US $ ha™h) MEY MAI RVT RVI
Grain Seed TR

SMC +SSC x MN100% 2152.1 1085.9 3238.0 1198.7™+332.9° — — — —

SMC +SSCxMN75% +2CS-NNPs 2304.2 1373.0 3677.2 1323.9™+598.7° — — — —

SMC + SSCxMN50% + 3CS-NNPs 2081.3 1252.7 3334.0 1050.5™+438.5° — — — —

4M:2S x MN100% 1672.2 573.3 2245.5 1324.8 11.2 530.6 1.05 1.95
4M:2S X MN75% +2CS-NNPs 1752.1 692.4 2444.5 1496.4 12.2 510.5 1.06 1.88
4M:2S Xx MN50% + 3CS-NNPs 1603.5 605.2 2208.8 1246.9 11.1 455.3 1.07 2.23
2M:4S x MN100% 1209.0 910.8 2119.8 1144.2 10.6 609.1 0.99 1.84
2M:4S X MN75% +2CS-NNPs 1322.2 1028.0 2350.2 1347.1 11.8 574.4 1.02 1.79
2M:4S Xx MN50% + 3CS-NNPs 1350.2 921.5 2271.7 1241.1 11.4 630.1 1.10 2.28
3M:3S x MN100% 1498.6 790.7 2289.3 1258.7 11.5 685.4 1.07 1.98
3M:3S X MN75% + 2CS-NNPs 1539.7 842.2 2381.9 1323.8 11.9 524.9 1.03 1.82
3M:3S X MN50% + 3CS-NNPs 1348.6 736.8 2085.3 999.8 10.4 408.9 1.01 2.14

Superscripted m and s refer to maize and soybean crop, respectively

SMCsole maize crop, SSCsole soybean crop, 4M:2S=4Maize:2 soybean, 2M:4S=2Maize:4 soybean, 3M:3S=3Maize:3 soybean, CS-
NNPsnano chitosan-loaded N composite, MN100% 288 kg mineral N ha~!, MN75%+2CS-NNPs216 kg mineral N ha~! 42 sprays of CS-NNPs,

MNS50%+3CS-NNPs 144 kg mineral N ha~! + 3 sprays of CS-NNPs
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2M:4S x MN50% + 3CS-NNPs, 4M:2S x MN50% + 3CS-
NNPs, and 3M:3S Xx MN50% + 3CS-NNPs, respectively.

Discussion

It has been documented that legumes can rapidly cover the
soil surface, reducing soil erosion and weed infestation
(Berdjour et al., 2020; Mekdad et al., 2021), promoting
N fixation (Yong et al., 2018), reducing insect pests and
disease attacks (Chang et al., 2020), and improving land-
use efficiency (Kermah et al., 2017; Shaaban et al., 2023b).
Thus, the findings of this study revealed the superiority
of growth and productivity of intercrops (maize/soybean)
under the sole cropping over the intercropping levels. This
may be due to niche complementarities induced by the spa-
tiotemporal differences in the exploitation of the available
environmental resources among intercrops (Dong et al.,
2018; Kermah et al., 2017). Moreover, maize roots have
been reported to penetrate soil deeper than soybean roots
under optimum growth conditions (Gao et al., 2010). This
probably enabled maize to access nutrients from various
soil layers by lengthening its roots beneath neighboring
soybean roots, therefore sparing water and mineral nutri-
ents in the surface soil horizon for soybean uptake (Li
et al., 2006). The sunlight and row spacing design have a
direct influence on the component crop’s competitiveness
in light interception (Yang et al., 2017). Within this con-
text, Lv et al. (2014) reported that although the primary
explanation for the advantages of maize—soybean intercrop
is competition for mineral nutrients, soil water, and sun-
shine, their findings suggest that competition for nutrients
was more important than for sunlight. Moreover, the lesser
interspecific competition between intercrops for preemp-
tion of available environmental resources above (sunlight,
space, etc.) soil surface may be a reason behind the higher
productivity of the maize-soybean intercrop patterns tested
than their corresponding pure crops when considering the
entire intercropping entity. Yang et al. (2017) and Feng
et al. (2020) reported that under intercropping conditions,
there is improved light capture and utilization of water
and soil nutrients, resulting in a better yield advantage
compared with sole cropping.

Compared with pure maize stand, intercropping treat-
ments significantly increased RPPs for biological, vegeta-
tive, and grain, which might be attributed to increasing
light interception, particularly in post-silking and early
grain-filling periods (Ning et al., 2013). Soybean is a
highly shade-sensitive plant (Liu et al., 2015; Yang et al.,
2014), so the higher soybean yield under pure stand may
be due to the acquisition of more light interception and
available resources than under intercropping. Moreover,
soybean plants under the 4M:2S and 3M:3S patterns have
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more shade by maize for most of their growth duration
than under the 2M:4S pattern, which resulted in a seed
yield reduction, particularly for plants in intercropped
border rows in agreeing with Liu et al. (2017). The shad-
ing resulting from maize under intercropping reduced the
photosynthetic capacity of soybean plants, particularly
in lower parts, which decreased not only the photosyn-
thetic capacity but final seed yield (Yang et al., 2014;
Zhuang & Yu-Bi, 2013). Because of the higher sensitivity
to shade, soybean plants under 4M:2S or 3M:3S patterns
showed vigorous shade avoidance plastic responses (i.e.,
small leaves, lengthier and slender internodes, and less
steep leaves) to adapt to maize shading (Li et al., 2021),
which resulted in lower growth and seed yield, especially
for plants closer to maize in accordance with Liu et al.
(2015) and Li et al. (2021). In the same context, Pierik
and De Wit (2014) and Zhao et al. (2019) suggested that
soybean yield, under maize-soybean intercropping con-
ditions, is probably to be reduced due to the shading of
maize as a companion crop. Under the narrow spacing, the
ideotype root system architecture of maize grown under
intercropping is denser than monocropping (Hui et al.,
2018; Yang et al., 2016), thus a more extensive root led
to more water and nutrient absorption from soil (Zhou
et al., 2019). More rooting requires allocating more photo-
assimilates to roots, where root growth and development
need large quantities of carbohydrates from shoots as a
source of root tissue components and a respiration sub-
strate (Thaler & Pages, 1998), and thus translocation of
more carbohydrates preferentially towards roots. This is a
possible explanation for the maize yield reduction under
intercropping compared with monocropping. Another sug-
gested reason for the reduction of maize yield is the height
of soybean plants, which reached 108.2 cm in the 2M:4S
pattern, causing shading of the lower and middle leaves
of maize, reducing the photosynthesis capacity and yield
(Yan et al., 2011). This is also supported by Zhou et al.
(2021) who found that shading for the middle leaves of
intercropped maize during the silking period led to their
early senescence and lower nutrient remobilization, thus
decreasing the leaf photosynthetic capacity and dry matter
accumulated at maturation.

The results showed that LER values were enhanced for
all tested intercropping patterns over the monocropping of
maize or soybean under all N fertilization treatments. These
findings concur with those reported by Lv et al. (2014), Yang
et al. (2016), and Chen et al. (2019), who demonstrated that
higher productivity on per-unit farmland basis and lower
land-use intensity are achieved under intercropping than the
corresponding monocropping and LER of maize-soybean
intercropping ranges from 0.93 to 2.20. The results regard-
ing the LER values indicate that interspecific facilitation
was stronger than interspecific competition, implying that
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intercropping increased land-use intensity (Machiani et al.,
2018). The higher partial LER,, and LER, observed in
4M:28S and 2M:4S patterns, respectively, than those others
suggested that the higher plant density of the intercropped
maize and soybean, suppressed the other when they are
grown in close association (Berdjour et al., 2020; Layek
et al., 2014). In addition, one of the key explanations for
the higher LER of the maize-soybean intercropping sys-
tem could be due to the biological N fixation of soybean
in maize-based intercropping systems (Yong et al., 2018).
Li et al. (2016) reported that root exudates of maize can
promote the biological N fixation from the atmosphere by
faba bean under intercropping. Under intercropping, cereal
plant root exudates supply a carbon source for soil micro-
biota to build their community structure, thereby enhanc-
ing soil N content (Coskun et al., 2017). Assessment of the
intercropping treatments based on the LER findings in this
study supported our results that the maize crop had higher
RCC and AG values relative to soybean. The intercrop-
ping’s aggressiveness demonstrated that companion crops
did not compete equally. Amanullah et al. (2020) revealed
that higher AG values were obtained by cereals (pear]l mil-
let and sorghum) than in their companion’s mungbean crop.
The N fixation by legumes in addition to the over-shaded
occurred by maize on soybean plants under intercropping
may be potential reasons for increasing the maize competi-
tiveness indicators (AG and RCC) and maize yield (Barillot
et al., 2014; Kaci et al., 2018; Mouradi et al., 2018). More-
over, about 50 to 70% of the required N for soybean can
obtain from the air through N-fixing bacteria, which estab-
lished functioning nodules on their roots, leading to limited
competition with maize by intercropping for below-ground
resources (Conley & Christmas, 2005; Mueller et al., 2015).
The results of AYL showed that maize and soybean crops
presented positive AYL values, indicating that both crops
were to the advantage of intercropping patterns. The high-
est AYL values were observed by maize when intercropped
with soybean in the 2M:4S pattern in accordance with the
LER values. The higher-yielding of 2M:4S over those other
patterns as for total LEC, LUE, ATER, SPI, and PYD, indi-
cated a yield advantage over intercrops due to better utili-
zation of above and below-ground growth resources under
2M:4S intercropping system (Gitari et al., 2020; Lithour-
gidis et al., 2011). Another reason behind higher values
under the 2M:4S pattern than in other patterns may be due
to more fixed N occurring by 4 rows of soybean than 2 rows
of soybean in other patterns as agreed with Hinsinger et al.
(2011) when intercropped maize with faba bean.

The higher values of the economic indices were a clear
indication of the economic feasibility of maize when
growing in close association with soybean. Among all
intercropping treatments, the 2M:4S and 3M:3S were the
most economic profitability and had higher productivity

advantage-based LER and economic benefits than those
other patterns. Similarly, Banik et al. (2006), reported a
better economic advantage of intercropping due to posi-
tive MAI values. Therefore, these intercropping pattern
advantages can be ascribed to the optimum utilization of
environmental growth resources by the intercrop (maize
and soybean) coordinates.

The low amount of available N in the experimental
soil (23.5 mg N kg™! soil) indicates the necessity of plant
supply with N for maximizing yield, particularly under
the intercropping system. Supplying the intercrops with
enough N levels is essential for less competition severity
during the co-growth period and high productivity (Nasar
etal., 2021). Nitrogen deficiency stress may exacerbate the
inter-and intra-specific competitions that often exist under
intercropping systems. Thus, practices that help in allevi-
ating such stress should be adopted. The results revealed
that soil application of 75% MN with two foliar CS-NNPs
sprays significantly improved growth, yield, and yield
components of maize and soybean crops compared with
MN100% as a bulk-size soil application. It is expected that
lowering the N amount than normal will cause reductions
in crop growth and productivity. However, despite the N
supply being reduced by 25%, the application of two foliar
CS-NNPs sprays kept/improved maize yield and yield
components. Herein, it should be referred to the impor-
tant role of chitosan, in general, and particularly nano
chitosan. Despite N fertilizer applications being intended
to provide the N requirements for maize crop, soybean
plants benefited from the draft spray of nano chitosan-
loaded nitrogen composite, thus, increasing the advantage
of intercropping.

Concerning the effect of N fertilization treatments (nano-
chitosan loaded N, CS-NNPs), chitosan stimulates plant
growth and development by boosting water and essential
minerals uptake (). Since chitosan adjusted cell osmotic
potential by stimulating the enzymatic systems, water and
nutrients uptake improved, hence growth and yield param-
eters enhanced (Guan et al., 2009a, 2009b; Makhlouf et al.,
2022; Martins et al., 2018; Yang et al., 2009). Moreover,
owing to its potentiality to hydroxylate amino group which
offers an effective scavenger of reactive oxygen species (Sun
et al., 2008), antioxidant enzymes and hydrogen peroxide
(H,0,) signaling pathways were enhanced by chitosan appli-
cation (Guan et al., 2009a, 2009b). Being chitosan increases
the activity of catalase and glutathione peroxidase as well as
the stress-protective enzymes (Hidangmayum et al., 2019;
Makhlouf et al., 2022) and motivates chlorophyll formation
and growth under environmental stress (Kumaraswamy
et al., 2021), leaf dry matter and total yield were improved
(Marzouk et al., 2022). Due to chitosan application, root
growth and water absorption (Zeng & Luo, 2012), and nutri-
ent uptake (Dzung, 2007) were enhanced, thus the yield
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attributes of intercropped maize soybean improved. Further-
more, the role of nitrogen itself should not be neglected, as N
supply can enhance crop yield and quality as well (El-khouly
et al., 2018; Saudy & Mubarak, 2014; Saudy & Mubarak,
2015; Saudy et al., 2018).

It is believed that such a beneficial effect of chitosan
could be more evident when it is transformed into nano form
(Abdel-Aziz et al., 2019; Ashraf et al., 2022). Since chitosan
in the form of nanoparticles has a tiny size, high sorption
capacity, and diffusible nature with rapid and perfect absorp-
tion/uptake by the plants were increased (Rameshaiah et al.,
2015). Particles in nano form have a small size (1-100 nm)
is clearly associated with the efficiency of their physico-
chemical features (Torabian et al., 2017). Accordingly, using
nano chitosan as a carrier of nutrients could increase nutrient
utilization, hence, crop growth and yields. This effect is con-
sistent with this study findings, where CS-NNPs composite
helped to gain maize/soybean yields equivalent to the recom-
mended rate (288 kg N ha™!) by the addition of 75% of the
required level of N fertilizer.

It has been reported that a safe dose of nano-fertilizers
can help plants for growth and development improvements
(Gao, 2006; Kale & Gawade, 2016; Zheng et al., 2005). The
foliar application provides a better probability of correct-
ing nutritional deficiencies in plants caused by an insuffi-
cient supply of nutrients to the roots, and it is usually more
efficient and cost-effective (Hong et al., 2021; Saudy et al.,
2022). Foliar application boosted nutrient effectiveness and
was the most efficient approach for farmers to apply nutri-
ents (Abdel-Aziz et al., 2016; Abou Tahoun et al., 2022).
The bulk size fertilizers are released into the surroundings
and cannot be consumed by plants, resulting in significant
resource and economic waste as well as massive environ-
mental contamination (Rai, 2016). On the other hand, nano-
fertilizers exhibited excellent effects (Abou Tahoun et al.,
2022; Saudy et al., 2022), because their size ranges from 1
to 100 nm, allowing them to penetrate plant leaves, which
are the basic units for photosynthesis and physiological pro-
cesses (Abdel-Aziz et al., 2016; Wang et al., 2013). Conse-
quently, nano-fertilizers can decrease the nutrient amount
required for raising plant productivity. Nano-fertilizers have
a high surface area and supply at an active site, which boosts
their rate of absorption by plants and, as a result, helps to
reduce pollution (El-Ghamry et al., 2018; Rahman et al.,
2021). Also, nano-fertilization provides plants with slow-
release nutrients during the life cycle thereby decreasing the
hazards of leaching, adsorption, surface runoff, and decom-
position (Seleiman et al., 2020). The productivity and bio-
mass yield of Glycine max has been increased following the
synthesized nano-fertilizer application (Liu & Lal, 2014).
The direct application of wheat plants to a specific type of
nanoparticle-induced considerable improvements in growth
and yield traits evaluated (Abdel-Aziz et al., 2016).

@ Springer

There were significant increases in ear traits of maize
owing to nano-N foliar application as compared with the
mineral ground application. This might be attributed to the
promotion of the N absorption and utilization of nano-fer-
tilizers, leading to an enhancement in the photosynthetic
and other metabolic processes leading to an increase in cell
division and elongation (Hatwar et al., 2003). Accordingly,
under possible generated biotic stress (due to the impact of
intercropping) and abiotic stress (due to reduced N supply
than normal), using nano-chitosan loaded N is so essential
for maize production-based intercropping systems.

Conclusions

Based on the gross productivity of maize (grains) and soy-
bean (seeds), total revenue, and net profit obtained, the treat-
ment of fertilizing maize plants with 216 kg nitrogen ha™!
plus nano chitosan-loaded nitrogen composite twice (0.48 kg
nitrogen ha™') was the most beneficial and promising prac-
tice whether under sole or intercropping patterns. Certainly,
utilization of land, exploiting with a better rationalization of
the available environmental resources by integrating maize-
soybean intercrop and nano-chitosan-loaded nitrogen com-
posite will enhance the farm income and sustain its potenti-
ality. Additionally, nano-chitosan loaded nitrogen composite
saves the applied nitrogen by approximately 25% of the rec-
ommended rate, hence lowering the possible environmental
pollution. However, further future investigations regard-
ing nano-carriers of other nutrients in addition to nitrogen
should be adopted for an integrated nutrient enrichment
program for maize grown with soybeans. Frankly, the nano
compounds are still not sufficiently available in the agricul-
tural market. Thus, further researches should be designed to
find out more easy and applicable ways to manufacture the
nano-nitrogen compounds to be available for maize growers.
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