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Abstract

Intercropping, particularly the combination of maize and soybeans, has been
widely recognized for its potential to improve nitrogen uptake and promote
sustainable agriculture. This study examines the patterns of nitrogen uptake
in maize and soybean intercropping systems under different growth stages
and phosphorus fertilization levels and investigates the influence of nitrogen
uptake on growth parameters such as plant height, leaf area, and biomass ac-
cumulation in the maize/soybean intercrop under different phosphorus ferti-
lization regimes. The study also collected chlorophyll samples at different
growth stages of maize in monoculture and intercropping with maize or soy-
bean. The results showed that plant height was greater in V10 in both ferti-
lized and unfertilized treatments for intercropped maize and soybean, and
chlorophyll concentration was higher in VT intercropped maize. The results
also showed a higher accumulation of biomass. Understanding the growth
dynamics of these plants in monoculture and intercropping systems and the
impact of fertilization practices is crucial for optimizing crop productivity
and sustainability in agricultural systems.

Keywords

Intercropping, Fertilization, Chlorophyll, Maize/Soybeans, Nitrogen

1. Introduction

Intercropping maize and soybeans are a widespread agricultural practice that
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aims to optimize land use and improve crop yields [1] [2]. This approach often
involves the strategic application of fertilizers, particularly nitrogen (N) and
phosphorus (P), to increase plant growth and productivity [3]. Phosphorus ferti-
lization is a critical factor in agricultural systems as it is essential for various
plant processes, including energy transfer, photosynthesis, and nutrient
transport [3]. However, the effects of P fertilization on the growth and yield of
maize/soybean intercrops, especially in terms of N uptake, are complex and re-
quire in-depth investigation [4]. Studies have shown that while N fertilization
significantly affects maize growth parameters and forage quality, P fertilization
does not always have a similar effect on growth characteristics or dry matter
yield [5]. In contrast, P fertilization can improve N fixation in legumes, which
indirectly benefits intercropped maize by improving grain quality, despite not
increasing yield [6]. Furthermore, the interaction between N and P fertilization
and plant population density can affect the yield and protein content of inter-
cropped maize and soybeans [7]. The balance between maize and soybean de-
velopment in intercropping systems can be influenced by varying N levels and
plant densities, with implications for biomass yield and silage crude protein yield
[8]. The role of P fertilization in maize/soybean intercrops extends beyond direct
effects on yield. It can interact with other agronomic practices, such as straw
mulching, to influence plant growth, nitrogen uptake, and photosynthetic effi-
ciency, ultimately affecting crop yield [9]. Additionally, the arrangement of
maize and soybean plants in intercropping systems can impact forage yield, si-
lage quality, and grain yield, with certain row arrangements optimizing crude
protein yield per area [10]. The environmental sustainability of these systems,
including their global warming potential and carbon sequestration capacity, is
also influenced by N and P fertilization rates [1]. Alternative fertilization strate-
gies, such as using poultry manure combined with mineral fertilizers, have been
shown to enhance growth and yield parameters in maize/soybean intercrops
[11]. Moreover, the incorporation of biological agents like Brady rhizobium in-
oculants can improve N fixation and productivity in these systems [12]. Lastly,
the residual effects of fertility amendments, such as rice mill ash, on soil produc-
tivity and crop yield components in maize/soybean intercrops highlight the im-
portance of long-term soil fertility management [6].

Phosphorus fertilization impacts the availability of nutrients in the soil [13].
Investigating the relationship between phosphorus fertilization and nitrogen
uptake in maize/soybean intercropping can reveal synergistic effects that shed
light on how these nutrients collectively influence crop performance [14]. The
quantification of nitrogen uptake efficiency in maize/soybean intercropping has
provided vital insights into sustainable agriculture in China and has the potential
to be applied in other regions, such as Africa [15]. Understanding the mecha-
nisms driving nitrogen uptake efficiency in intercropping systems is crucial for
developing sustainable farming practices globally [1]. Examining the dynamics
of nitrogen fixation, uptake, and leaching at various soil depths in maize/bean

intercropping systems that receive phosphorus fertilization offers a comprehen-
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sive perspective on nutrient management in these agricultural contexts [16]. The
combination of maize (Zea mays) and soybean (Glycine max) in the intercrop-
ping system has garnered attention for its potential to enhance nutrient utiliza-
tion and overall crop performance [17].

The impact of phosphorus fertilization on maize/soybean intercrops is multi-
faceted, influencing growth and yield, nitrogen uptake, photosynthesis, and en-
vironmental sustainability. The interaction between phosphorus fertilization and
other agronomic practices, as well as the choice of fertilization strategy, plays a
crucial role in determining the overall success of maize/soybean intercropping
systems. Further research is needed to optimize fertilizer use in these systems for
enhanced productivity and environmental benefits [4] [9] [16] [18].

The main objectives of this study are 1) to investigate the patterns of nitrogen
uptake in maize and soybean intercrop systems at different growth stages and
phosphorus fertilization levels and 2) to evaluate the effects of nitrogen uptake
on maize-soybean intercrop growth parameters, such as plant height, leaf area,
and biomass accumulation, under different phosphorus fertilization regimes. In
addition, the study aims 3) to understand how nitrogen availability, which is in-
fluenced by phosphorus fertilization, affects yield components such as grain
weight, pod formation, and overall productivity of the maize/soybean intercrop.
This research has the potential to improve the understanding of nitrogen utiliza-
tion in intercropping systems and provide practical insights for optimizing
phosphorus fertilization strategies to improve the efficiency of nitrogen uptake
in maize/soybean intercrops [19]. Investigating the effects of nitrogen uptake on
crop productivity can inform farmers and policymakers of the potential eco-
nomic and environmental benefits of reducing external nitrogen inputs via in-
tercropping practices [4]. Maize/soybean intercropping, in particular, has im-
mense potential to revolutionize nutrient management in agricultural systems
[20], and the insights gained from this research can play a crucial role in ad-
vancing sustainable farming practices not only in China but also in other regions

facing similar agricultural challenges [21].

2. Literature Review

Intercropping, the practice of cultivating multiple crop species in the same
field, has garnered significant attention in recent years because of its potential
to boost crop productivity, resource-use efficiency, and soil health [22]. Phos-
phorus (P) is a vital nutrient for plant growth, playing a pivotal role in various
metabolic processes, including energy transfer, photosynthesis, and nutrient
uptake. Adequate P supply is particularly critical for leguminous crops, such as
soybeans, which have a high demand for P to support nitrogen fixation and
protein synthesis [23]. Maize, on the other hand, is a substantial consumer of
nitrogen (N), requiring considerable amounts of N for vegetative growth and
grain production.

An extensive body of research has explored the effects of phosphorus fertiliza-
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tion on the growth and yield of maize and soybean crops grown in intercropping
systems. These studies have demonstrated that P fertilization can significantly
enhance crop growth, yield, and nutrient uptake in intercropped systems [24].
Specifically, P fertilization has been shown to improve root growth, nutrient up-
take efficiency, and photosynthetic capacity in maize and soybean intercrops
[25]. The impact of phosphorus fertilization on crop growth and yield in inter-
cropping systems depends on nitrogen uptake. Nitrogen is a vital nutrient for
plant development and is necessary for the synthesis of proteins, nucleic acids,
and chlorophyll [16]. In intercropping systems, nitrogen uptake can be affected
by various factors, including phosphorus availability, soil nutrient status, and
crop species interactions.

Several studies have shown that phosphorus fertilization can increase nitrogen
uptake and utilization efficiency in maize and soybean intercrops [18] [21] [26].
For instance, research has indicated that P application can enhance the activity
of nitrogen-fixing rhizobia in soybean roots, leading to improved nitrogen fixa-
tion and plant growth. Similarly, phosphorus fertilization has been found to in-
crease nitrogen uptake and translocation in maize plants, resulting in increased
grain yield and protein content [27].

Overall, the literature suggests that phosphorus fertilization plays a critical
role in improving crop growth, yield, and nitrogen uptake in maize/soybean in-
tercropping systems. Further research is needed to investigate the underlying
mechanisms of the interactive effects of phosphorus and nitrogen on crop per-
formance and to develop sustainable management practices to optimize nutrient

use efficiency and crop productivity in intercropping systems.

3. Methods and Materials
3.1. Experimental Site and Method

The experiment was conducted from June to October 2023 at the Quzhou ex-
perimental station of China Agricultural University, which is situated in the
North China Plain of Hebei Province at a latitude of, 1150E, 36.50N, and an ele-
vation of 37 m above sea level. The trial was carried out during the short grow-
ing season from 15 June to 03 October 2023. The dimensions of each plot were 8
m X 9 m in size for both monoculture and intercropped maize/soybean. Maize
and soybeans were harvested after 110 days of planting. The study was conduct-
ed using a randomized block-split plot design, the main plot was divided into
three cropping systems. The trial included two phosphorus treatments: one
without P application (P0) and the other with a P application of 80 kg P,Os per
ha. Crop treatments included (1) maize alone, (2) soybean alone, and (3) soy-
bean/maize intercropping, a maize/soybean intercrop with paired legume rows

between two maize rows or two paired legume rows.

Plant Material
The vegetative materials used were one of the varieties of quality maize (MC812)
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and one variety of soybean (Jidoul2). The two materials were chosen for their
yield potential availability of seeds to users and breeders and also food prefer-

ences.

3.2. Data Collection

Plant height samples were collected at various growth stages of maize and soy-
beans. The samples were collected at different growth stages namely V7, V10,
VT, and R1 for maize in monoculture and intercropped with maize, and also at
V2, V3, R1, and R3 growth stages for monoculture soybean and intercropped
soybean (Nasar et al. 2023). The growth stages of maize were classified as either
vegetative (V) or reproductive (R). Three maize plants were selected randomly
in each field and an average value was obtained both in monoculture and inter-
cropped fields at different stages [28], much focus was on V7 and V10, because
these two stages are the most critical in maize, and long tape was used when
measuring this height. The height was measured from the base of the plant to the
tip of the tallest leaf [29].

Chlorophyll data were collected at weekly intervals throughout the study pe-
riod. Chlorophyll content was quantified using a SPAD meter, a device that
measures chlorophyll levels on the leaf surface [30]. To obtain accurate readings,
three random areas of each leaf were selected and measured with the SPAD me-
ter placed on the leaf surface, and the readings were recorded. The average of the
measurements was then calculated to determine the chlorophyll content for each
time point [31]. Particularly important for chlorophyll content were certain
growth stages during the period of data collection. These critical growth stages
included V7 (7 visible leaf collars), VT (tasselling stage), V10 (10 visible leaf col-
lars) and R1 (silking stage). Understanding the variations in chlorophyll content
at these specific growth stages provides valuable insight into the physiological
development of maize plants and can help optimize agricultural practices data
for chlorophyll was collected every seven days. The chlorophyll content was de-
termined using SPAD, which measures the leaf surface [32]. Three random parts
of each leaf were selected and measured using the SPAD meter, the SPAD meter
was placed on the leaf surface and recorded in the reading. The average value
was then obtained. The actual growth stages that were much emphasized in
chlorophyll during the data collection were V7, VT, V10, and R1.

Plant girth samples were methodically obtained by randomly selecting three
maize plant stems within the field setting and employing a caliper tool for cir-
cumference measurement [33]. The standard protocol for measuring maize girth
involved selecting the measurement point at a height ranging between 10 - 15
cm above the ground level to ensure uniformity and accuracy across samples.
This meticulous approach aimed to capture the variations in stem diameter
growth and development, which is indicative of the plant’s overall health and
vigor [34].

Leaf area samples were systematically collected by randomly selecting three
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maize leaves in the field during the pivotal growth stages of V7 and V10. A
measuring tape was utilized to measure the surface area of each selected leaf,
ensuring accuracy and consistency in the data collection process [35]. The
measurements were taken to gain insights into the leaf development and growth
dynamics of the maize plants at these critical stages. By obtaining the average
leaf area value Leaf area samples were collected by randomly selecting three
maize leaves in the field and measuring the area using a measuring tape during

the V7 and V10 growth stages. The average value was obtained.

3.3. Statistical Analyses

The statistical analysis of all the measured factors was carried out using the
Analysis of variance (ANOVA) on the Statistical Package for the Social Sciences
(SPSS) and sigma plot version 2020, while Microsoft Excel was utilized to or-
ganize the data in the form of tables. Origin Pro 2022b was employed for graph-

ical representation.

4. Results

4.1. Chlorophyll Response in Maize Intercrop
under Phosphorus Fertilization

Based on the data collected from the intercropped maize, there was a signifi-
cant difference in the concentration of chlorophyll between monoculture and
intercropping in fertilized and non-fertilized treatments at the VT stage (P <
0.05), as shown in Figure 1(a). However, the intercropped maize with ferti-
lized treatment had a consistently higher concentration of chlorophyll from VT
to R1 as observed in the field [36]. These findings suggest that the maize crop in
the non-fertilized treatment experienced delayed drying compared to the ferti-
lized treatment.

Furthermore, the outcomes from the soybean intercropped system demonstrate
that the chlorophyll concentration in the intercropped maize in non-fertilized
treatment was consistently greater than in the monoculture maize non-fertilized
treatment at all stages [8], as depicted in Figure 1(b). Moreover, the data re-
vealed a significant increase in chlorophyll content from the VT stage in the in-
tercropped soybean in the non-fertilized treatment compared to the monocul-
ture maize non-fertilized treatment, as shown in Figure 1(c). This indicates that
the maize in the fertilized treatment was actively engaged in the photosynthesis

process which resulted in a higher concentration of chlorophyll [31].

4.2. Chlorophyll Response in Sole Soybean and Soybeans
Intercrop under Phosphorus Fertilization

The results of the intercropped soybeans revealed a higher chlorophyll concen-
tration at the R1 growth stage in both the fertilized and non-fertilized treatments
in intercropped soybeans [37], as depicted in Figure 2(a). Nevertheless, both

treatments remained relatively low at the V3 and R3 growth stages in monoculture
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Figure 1. Chlorophyll response in maize intercrop under Phosphorus fertilization in sole and intercrop. P-IS (intercropped soy-
bean), P-MM (monoculture maize), and P-IM (intercropped maize). P: Fertilized, PO: non-P-fertilized.

soybean as illustrated in Figure 2(b) and Figure 2(c). In comparing maize-soybean

intercropping and mono-cropping systems, it was observed that the chlorophyll

concentration in soybean was relatively higher in intercropped soybean than in
monoculture in all the treatments [8].

4.3. Girth Response under Phosphorus Fertilizer in
Mono-Cropped and Intercropped Maize

The stem diameter of intercropped maize at the V7 stage was comparable to that
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Figure 2. Chlorophyll response in soybean, sole and intercropped maize, and soybean under Phosphorus fertilization; P-IS (inter-
cropped soybean), P-MM (monoculture maize), P-IM (intercropped maize). P-SS (sole soybean); P (fertilized), PO (non-P-fertilized).

of the maize monoculture at the V10 stage, where phosphorus fertilizer was not
applied, as shown in Figure 3(a) and Figure 3(b). Conversely, in Figure 3(a)
and Figure 3(b), where phosphorus fertilizer was applied, the stem diameter was
higher at the V7 stage in sole maize in both treatments that are fertilized and

non-fertilized, however, there was no significant difference between the stem

diameters of the monoculture and the intercropping system.

The stem diameter of intercropped soybeans at the V7 and V10 growth stages,
as depicted in Figure 4(a), was nearly indistinguishable between the plots that
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received phosphorus fertilizer and those that did not [11]. This suggests that

there was no substantive difference between the two. The modest increase ob-

served at V7 can be attributed to the nutrients naturally present in the soil, as

well as the positive effect of the phosphorus fertilizer in promoting new cell

growth and elongating existing cells, which ultimately contributes to the overall
thickness and girth of the stem.
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4.4. Plant Height Response in Monoculture and Intercropping
Maize in V7 and V10 Growth Stage under Phosphorus Fertilizer

The findings demonstrated that plant growth in intercropped maize was greater at

the V10 growth stage compared to the V7 growth stage in monoculture maize in all

the treatments thus in fertilized and non-fertilized compared to intercropped maize
[29], as depicted in Figure 5(a) and Figure 5(b). At the V10 growth stage, there was
increased growth in both fertilized and non-fertilized treatments, as shown in Fig-

ure 5(b). When comparing the two Figures (Figure 5(a) and Figure 5(b)), it is
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Figure 5. Plant height response in maize monoculture and intercropping under phosphorus fertilization; P-IM (intercropped
maize), P-MM (sole maize), P (fertilized), P-0 (non-fertilized), P-IS (intercropped soybean).
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evident that there was more growth at the V10 growth stage in both fertilized
and non-fertilized treatments. However, the overall trend indicates that maize
growth is more prevalent in monoculture plots than in intercropped plots [5], as
shown in both fertilized and non-fertilized treatments, as depicted in Figure
5(c).

4.5. Maize Grain Yield in Sole and Intercropped Maize under
Fertilized and Non-Fertilized Treatments

Figure 6 presents the grain yield of maize in both monoculture and intercrop,
with and without fertilization [28]. The results indicate that the grain yield in
maize monoculture was lower under non-fertilized conditions compared to the
maize intercrop without fertilizer, although there was no statistically significant
difference between the two [22]. Similarly, the grain yield in monoculture maize
with fertilized treatment was lower than in intercropped maize, but again, there
was no statistically significant difference between the two treatments (Hidoto &
Markos 2021).

4.6. Soybean Biomass in Sole and Intercropped Soybeans under
Fertilized and Non-Fertilized Treatments

The results in Figure 7 showed that the sole soybean biomass was greater at the
R6 growth stage in both the sole and intercropped settings, with or without ferti-
lizer application [38]. This may be attributed to the fact that at the R6 stage,

15
a
a
T
10 1
o b
=
=
2
=
5
0- T
PO-MM PO-IM P-MM P-IM
Cropping system

Figure 6. Grain yield for sole maize and intercropped maize; P-IM (intercropped maize
thus maize/soybean), P-MM (sole maize), P (fertilized), P-0 (none fertilized), P-IS (inter-
cropped soybean).
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Figure 7. Biomass response phosphorus fertilizers under two cropping systems; P-MM (sole maize), P (fertilized), P-0 (non-fertilized).

plants are in a crucial reproductive phase where the demand for nutrients is
higher to support pod development and seed filling [39]. Consequently, soy-
beans exhibit significant biomass production at this stage due to nitrogen fixa-

tion, irrespective of whether they are fertilized or not.

5. Discussion
5.1. Effect of Phosphorus on Plant Growth

The effects of phosphorus (P) fertilization on maize/soybean intercropping sys-
tems were investigated, focusing on growth, yield, and nitrogen (N) uptake. The
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studies paint a complex picture. Some report that P has no significant effect on
maize yield [40]. While others find an improvement in crop quality and N fixa-
tion by legumes [41], the role of P in improving N uptake and fixation is also
supported by the positive effects of farmyard manure, which likely provides P
among other nutrients, on soil fertility and crop production in maize/soybean
intercrops [16]. Contradictions arise when considering the effects of P fertiliza-
tion on soybean yields. Some studies report higher yields in sole cropping com-
pared to intercropping [42], while others suggest that intercropping systems
can be optimized through specific planting patterns and row ratios to improve
soil productivity and nutrient uptake [43]. In addition, the interaction of P
with other agronomic practices, such as injection with Latati et a/ (2018) and
the use of rice mill ash [18], can significantly affect N fixation and yield. In
summary, the effects of P fertilization on maize/soybean intercropping systems
are diverse, with potential benefits for N uptake and fixation, plant quality, and
yield. However, the effectiveness of P fertilization is influenced by several fac-
tors, including cropping patterns, soil fertility management, and the use of inoc-
ulants. Further research is needed to determine the optimal conditions under
which P fertilization can maximize the benefits of maize/soybean intercropping

systems.

5.2. Effect of the Phosphorus on Chlorophyll Concentration

Although there was a significant difference between the treatments, in inter-
cropping, chlorophyll concentration was higher than in monoculture, due to the
complementarity of resources, as maize and soybean have different root system
structures and nutrient requirements [22]. Therefore, intercropping allows them
to utilize different resources from the soil, such as nutrients and water, more ef-
ficiently than monoculture. This ensures better nutrient availability for chloro-
phyll synthesis, resulting in a higher chlorophyll concentration [31]. Intercrop-
ping increases biodiversity in the agroecosystem, which can promote positive
interactions between plants and soil organisms [44]. This can lead to better nu-
trient cycling and nutrient availability, which further enhances chlorophyll pro-
duction in intercropping systems, leading to higher chlorophyll concentration.
Maize and soybean plants also have different canopy structures that allow for
more effective light interception and utilization when intercropped. This im-
proved light utilization can enhance photosynthesis efficiency, resulting in high-

er chlorophyll concentration [45].

5.3. Effect of the Phosphorus on Grain Yield

The grain yield of maize was lower in monoculture than in maize/soybean inter-
cropping, which was higher. According to Hidoto and Markos 2021, efficient
resource utilization Maize and soybeans have different root structures and nu-
trient requirements [25]. When grown in intercropping, they can use resources
such as nutrients and water more efficiently. This efficient use of resources can

lead to better overall plant growth and a higher grain yield than when maize is
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grown in monoculture. Another reason is complementarity, maize and soybean
plants in a catch crop system can complement each other in terms of resource
utilization [46]. For example, maize can benefit from the nitrogen-fixing capaci-
ty of soybeans, resulting in better nitrogen availability for maize growth. This
complementarity can increase overall productivity and contribute to higher
grain yields in the intercropping system [47]. Disease and pest control in inter-
cropping can help reduce the incidence of pests and diseases by disrupting their
host plants and habitats. This can lead to healthier maize plants with lower pest
and disease pressure, ultimately contributing to higher grain yields compared to

monoculture where pests and diseases may thrive more easily.

5.4. Monoculture and Intercrop Growth Patterns

The data in Figures 5(a)-(c) illustrate the variations in plant growth across the
different stages of maize cultivation, specifically in monoculture and intercrop-
ping fields [48]. The findings indicate that the plant height was greater at the
V10 stage in both fertilized and non-fertilized treatments for intercropped maize
in Figure 5(a), as well as in intercropped soybean and solitary maize [49]. This
growth increase is particularly noticeable at the V10 stage, which is a pivotal
phase for maize development, as it lays the groundwork for ear formation and
grain production [50]. At this stage, the plants have fully developed leaves, are
actively growing, and are transitioning from the vegetative stage to the repro-
ductive stage. The roots are also well-established and efficiently absorb water
and nutrients. The plant is simultaneously photosynthesizing and accumulating
carbohydrates for reproductive growth, and its tassel and ear start to differenti-
ate within the plant [11]. As a result, proper management during this stage is
crucial to maximize yield potential. This practice of intercropping maize and
soybean has gained considerable traction worldwide, particularly in regions like
China, due to its double benefits of high productivity and simultaneous harvest
of two distinct grains [17]. It is important to note that the application of phos-
phorus to the crop resulted in increased chlorophyll accumulation and enhanced
maize stem girth. The results demonstrate the effective absorption of nitrogen
when phosphorus is present, resulting in accelerated growth of maize in both
stages, a crucial factor contributing to increased yield [51]. These findings align
with prior research indicating that maize-soybean intercropping leads to higher
yields due to greater nitrogen availability [52]. Nutrients are essential for plant
growth, development, and overall health, with phosphorus playing a key role in
facilitating the uptake and transportation of other essential nutrients, such as ni-
trogen [53]. This synergistic effect promotes efficient nutrient utilization for
growth and development, explaining the higher plant growth observed at the
V10 stage across all treatments, regardless of fertilization. Maize plants at the
V10 stage typically exhibit vigorous growth and robust root development. Ade-
quate phosphorus levels accelerate nitrogen uptake, fostering the development of
healthy root systems capable of efficient water and nutrient absorption, leading

to taller plants with dark green leaves and sturdy stalks, ultimately bolstering

DOI: 10.4236/nr.2024.158013

202 Natural Resources


https://doi.org/10.4236/nr.2024.158013

B. Magombo et al.

yield potential [54]. These findings align with previous observations of growth
and yield patterns in cereal and legume intercropping systems [55]. Additional-
ly, higher chlorophyll concentrations were observed at the VT growth stage in
intercropped maize, indicating increased plant growth [56]. Chlorophyll, a pig-
ment found in plant chloroplasts, plays a crucial role in photosynthesis, the pro-
cess by which plants convert light energy into chemical energy (glucose) and
oxygen. This process is essential for plant growth, as glucose serves as an energy
source. Regarding stem girth, while there was no significant difference between
treatments, maize/soybean intercropping displayed thicker stems at the V7
growth stage [35]. The stem serves as a vital organ supporting plant growth, de-
velopment, and reproduction by providing structural support, facilitating the
transportation of essential substances, contributing to photosynthesis, and stor-

ing nutrients [57].

5.5. Biomass Yield

In both treatments involving sole soybean and intercropped soybean, it is ob-
served that there is a higher accumulation of biomass [11]. However, there is a
significant difference between the two treatments. It is important to note that in
mono-cropping systems, where a single crop is cultivated in a field, applying
phosphorus fertilizer results in increased biomass production [58]. Phosphorus
plays a crucial role in plant growth, root development, and energy transfer pro-
cesses within the plant. When phosphorus availability is adequate, it enhances
photosynthesis, nutrient uptake, and overall plant growth, leading to greater
biomass accumulation [59]. This can be seen in Figure 7, where a more substan-
tial increase in biomass is observed in R3 maize mono-cropping with fertilizer
content, compared to sole maize without fertilizer. The same pattern is evident
in the R6 growth stage of soybean, both in sole and intercropped varieties [60].
In sole soybeans, there is a higher biomass accumulation due to reduced compe-
tition for nutrients and other resources [61]. In intercropped soybeans, competi-
tion for resources such as light, nutrients, and water is significantly higher [57].
The R6 growth stage in soybean is known as the full seed or full pod growth
stage, and it is a critical phase in the development of the soybean plant. During
this phase, the plant is focused on pod and seed development as it moves toward
maturity [54]. At this stage, the plant reaches its maximum height and canopy
development and has a well-established root system supporting pod and seed
development.

Biomass in the R6 stage of both sole and intercropped soybeans demonstrated
an increase in non-fertilized treatments. The R6 stage is a critical reproductive
phase where the demand for nutrients is higher to support pod development and
seed filling. Despite being non-fertilized, soybean biomass was higher due to its
unique ability to fix atmospheric nitrogen through symbiotic relationships with
rhizobia bacteria [49]. This nitrogen fixation process continues throughout the
plant growth stages and provides a crucial source of nitrogen for pod develop-

ment and seed filling at the R6 stage [5]. In intercropped soybeans, there was an
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efficient utilization of nutrients, especially during this critical phase when de-
mand was highest, resulting in maximum biomass production without addition-
al fertilizers [62]. This nutrient remobilization helps sustain high biomass pro-
duction. The presence of other crops in the intercropped soybean creates a more
diverse and dynamic growing environment, which enhances nutrient cycling,
improves soil health, and promotes overall plant growth [5]. This contributes to
high biomass production in soybeans at the R6 stage.

The outcomes of grain yield for single and intercropped maize in Figure 6 for
fertilized and non-fertilized treatments indicate that in sole maize, the grain
yield was low [39]. This may be due to competition among the plants for re-
sources such as sunlight, water, and nutrients [63]. This competition can limit
the growth and yield potential of individual plants, leading to decreased overall
productivity. In contrast, intercropped maize had relatively higher yields [64]. This
may be because maize is a heavy feeder crop that requires significant amounts of
nutrients for optimal growth and yield [65]. Non-fertilized treatments in sole
maize experienced nutrient deficiencies, which restricted its growth and reduced
its yield potential. Intercropped maize, on the other hand, benefited from nutri-
ent cycling and enhanced nutrient availability through interactions with the
companion crop, resulting in higher yields [35]. Additionally, cereal-legume in-
tercropping can improve diversification in nutrient uptake by the component
crops, increase environmental resource use efficiencies, and result in higher

yields per unit area compared to sole cropping [66].

6. Conclusions

It appears from the findings of this study that there is a beneficial interaction
between maize and soybean in strip intercropping systems. When choosing
crops for such systems, it is essential to consider their complementary traits to
avoid potential decreases in grain yield in continuous maize-soybean strip crop-
ping, the use of nitrogen fertilizer is vital. Total grain yield in the intercropping
system was higher when nitrogen fertilizer was applied compared to monocul-
ture treatments without fertilizer. Moreover, nitrogen application significantly
enhanced nitrogen use efficiency in the system.

Understanding the growth dynamics of maize and soybean in both
mono-cropping and intercropping systems, along with the impact of fertilization
practices, is crucial for optimizing crop productivity and sustainability in agri-
culture. For instance, plant height, which peaked at over 200 cm in monoculture
maize compared to about 190 cm in intercropped maize at the V10 stage, indi-
cated that competition for resources in intercropped maize can limit growth
Phosphorus availability during the V10 stage also plays a crucial role in the
growth and performance of maize and soybeans in intercropping systems. Ade-
quate phosphorus levels support healthy root development, nutrient uptake, and
overall plant vigor. Conversely, insufficient phosphorus leads to stunted growth,

nutrient deficiencies, and reduced productivity in both crops.
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Farmers have the opportunity to increase soybean production without com-
promising maize production and area, potentially enhancing soil fertility and
productivity through nitrogen fixation and root exudate release. The combined
benefits of nitrogen fixation, nutrient remobilization, efficient nutrient utiliza-
tion, and intercropping advantages contribute to supporting high soybean yields.

Overall, the combination of nitrogen fixation, nutrient remobilization, effi-
cient nutrient utilization, and potential intercropping benefits all contribute to
supporting high soybean biomass production at the critical R6 stage, even in the

absence of external fertilizer applications.
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