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Abstract 

Suboptimal land conditions, characterized by limited nutrient availability and poor soil physical 
properties, restrict the growth and productivity of maize-soybean intercropping systems. 
Bioameliorants containing beneficial microorganisms, such as mycorrhizae, offer a sustainable 
strategy to enhance soil fertility and nutrient uptake efficiency. This study evaluated the effects of 
different bioameliorant compositions on nitrogen availability, plant growth, and yield in maize–
soybean intercropping on suboptimal land. A randomized complete block design with four replicates 
tested five treatments: F0 (control, no bioameliorant), F1 (10% compost + 10% rice husk charcoal + 
10% manure + 70% mycorrhizal biofertilizer), F2 (15% each of compost, manure, charcoal + 55% 
biofertilizer), F3 (20% each + 40% biofertilizer), and F4 (25% each component). Results showed that 
the balanced F4 bioameliorant markedly improved nitrogen availability, soil health, and yields in 
maize–soybean intercropping on sandy soils. These findings highlight its potential as a sustainable 
strategy to enhance productivity, reduce reliance on chemical fertilizers, and strengthen 
agroecosystem resilience on suboptimal land. The optimized F4 formulation therefore represents a 
practical approach to improving nutrient availability and plant performance in maize–soybean 
intercropping systems under marginal soil conditions. 

Keywords: arbuscular mycorrhizal fungi (AMF); bioameliorants; nutrient availability; maize-
soybean intercropping; suboptimal land 

1. Introduction

Agricultural production on suboptimal lands, particularly drylands, plays a crucial role in
ensuring national food security amidst escalating land-use competition and the dwindling 
availability of fertile agricultural areas. In Indonesia, West Nusa Tenggara (NTB) Province 
exemplifies this challenge, with approximately 84% of its land mass—equating to around 1.8 million 
hectares—classified as dryland [1]. Of this, merely about 31% is considered potentially cultivable, yet 
the productivity of these drylands remains markedly low due to inherent soil degradation issues, 
including diminished organic matter content, reduced cation exchange capacity, and poor physical 
and biological properties [2,3]. These limitations hinder optimal plant growth, thereby restricting 
crop yields and economic development. 
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Addressing low productivity in dryland soils necessitates sustainable soil management 
strategies aimed at improving soil fertility and functionality [4]. Among these, the application of 
organic amendments combined with functional microorganisms—collectively termed 
bioameliorants—has received significant attention. Bioameliorants typically comprise organic 
materials such as compost, manure, or husk charcoal, enriched with beneficial microbes and organic 
extracts, which collectively enhance nutrient availability and uptake, improve soil physical structure, 
and stimulate biological activity [5,6]. Notably, humic substances within these amendments 
positively influence soil water retention, aeration, and nutrient cycling, thereby fostering a conducive 
environment for plant growth [7]. 

A key component of bioameliorants is Arbuscular Mycorrhizal Fungi (AMF), which establish 
symbiotic relationships with plant roots, expanding the effective root zone for nutrient absorption 
[8,9]. AMF significantly enhance phosphorus and nitrogen uptake, bolster plant resilience under 
stress conditions, and reduce dependence on chemical fertilizers [10,11]. Several studies demonstrate 
that inoculating crops such as maize with AMF can lead to increased growth and yield, making this 
approach both sustainable and economically advantageous [12]. 

Furthermore, intercropping—cultivating multiple crops simultaneously on the same land—is an 
efficient agricultural practice to optimize resource utilization and improve land productivity [13]. 
Specifically, the maize–soybean intercropping system presents synergistic benefits, as soybeans 
possess nitrogen-fixing abilities that can naturally augment soil nitrogen levels, thereby supporting 
maize’s high nitrogen demand [14,15]. Maize and soybean are vital staple crops in Indonesia, with 
maize serving as a primary carbohydrate source rich in essential nutrients, and soybean providing 
protein for both dietary and industrial uses [16]. However, recent declines in their production—maize 
down by approximately 9.91% in 2023 and soybean production halving between 2020 and 2022—
highlight the urgent need for sustainable intensification strategies to restore productivity under 
resource-constrained conditions [17,18]. 

Despite the potential benefits, empirical evidence on the comparative effectiveness of different 
bioameliorant formulations in improving nutrient uptake and crop yields within maize–soybean 
intercropping systems on drylands remains limited [19,20]. Thus, integrating bioameliorants with 
microbial inoculants into intercropping systems could present a sustainable pathway to enhance soil 
fertility, increase yields, and improve resilience to environmental stresses [21,22]. 

Therefore, this study aims to evaluated the effects of different bioameliorant compositions on 
nitrogen availability, plant growth, and yield in maize–soybean intercropping on suboptimal land. 
The findings are expected to inform sustainable agricultural practices that enhance productivity and 
resilience in dryland regions such as NTB and similar environments elsewhere. 

2. Materials and Methods 

2.1. Study Site and Experiment Design 

This study used a field experiment method conducted in Sumur Mual Hamlet, Pemenang Barat 
Village, Pemenang District, North Lombok Regency, Indonesia. Located at the coordinates 8°26′27.6″ 
S and 116°6′7.2″ E (Figure 1). The research site is situated at an altitude of approximately 5 m above 
sea level, characterized by a dry climate with D3 to D4 climatic zones (3–4 wet months), which 
indicate dry conditions according to the Oldeman classification.  
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Figure 1. The site of the field experiment. 

The research was conducted from June to August 2025. The experimental design used was a 
randomized complete block design (RCBD) consisting of five treatments and three replications, 
resulting in a total of 15 experimental units [23]. The field layout is presented in Figure 2. Laboratory 
analyses were carried out at the Microbiology Laboratory and Soil Chemistry Laboratory, Faculty of 
Agriculture, University of Mataram; the Agricultural Instrument Standardization Agency, Narmada; 
the Integrated Laboratory, Universitas Sumatera Utara, and Universitas Islam Negeri Mataram, 
Indonesia. The materials used consisted of maize seeds (variety Bisi 18), soybean seeds (variety 
Dering 2), mycorrhizal isolate MAA01, cattle manure, rice husk biochar, compost, inorganic fertilizers 
(urea and NPK Phonska), foliar fertilizer (Green Tonik), botanical pesticide (OrgaNeem), as well as 
supporting materials such as raffia strings, plastic bags, label papers, tissues, and analytical reagents 
(methylene blue, 10% KOH, sucrose, distilled water, and filter paper). 

 
Figure 2. Layout of field experiment. 

The treatments tested consisted of four bioameliorant formulations with different material 
compositions, namely a combination of compost, manure, rice husk charcoal, and mycorrhizal 
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biofertilizer, as well as one control treatment (without bioameliorant). Details of the composition of 
each bioameliorant treatment are presented in Table 1. 

Table 1. Bioameliorant treatment with a composition of compost, manure, rice husk charcoal and mycorrhizal 
biofertilizer. 

Treatment Bioameliorant Composition (% weight) 
 Compost Manure Husk charcoal Mycorrhiza 

F0 - - - - 
F1 10 10 10 70 
F2 15 15 15 55 
F3 20 20 20 40 
F4 25 25 25 25 

2.2. Bioameliorant Manufacturing 

The bioameliorant was formulated from compost, cow manure, rice husk charcoal, and 
mycorrhizal biofertilizer. Each component was sun-dried for several days to reduce moisture content, 
facilitating handling and preventing clumping. The dried materials were then passed through a 2 
mm sieve to achieve uniform particle size. The components were weighed according to the treatment 
formulations: F1 (20 kg compost, 20 kg cow manure, 20 kg rice husk charcoal, 140 kg mycorrhizal 
biofertilizer), F2 (30:30:30:110 kg), F3 (40:40:40:80 kg), and F4 (50:50:50:50 kg), with each batch totaling 
200 kg. After precise weighing, the ingredients were thoroughly mixed until homogeneous in texture 
and color. The mixture was fermented under shaded conditions for three weeks to enhance microbial 
activity, improve nutrient solubility, and stabilize organic matter prior to field application. 

2.3. Land Preparation and Planting Materials 

The field experiment began with land preparation by hoeing the soil until loosened, followed by 
dividing the area into 15 plots, each measuring 5 m × 5 m. The plots were separated by irrigation 
channels 50 cm wide, and each raised bed was constructed with a height of 20–25 cm. Treatments 
within each block were arranged randomly using a completely randomized design, with 80 cm 
spacing between replications. The cropping pattern applied was a maize–soybean intercropping 
system, arranged in the sequence of 3 rows of maize : 3 rows of soybean : 3 rows of maize. The 
planting distance was 60 × 20 cm for maize and 30 × 20 cm for soybean, with an inter-row spacing of 
40 cm between maize and soybean. Each plot consisted of 72 maize planting holes and 48 soybean 
planting holes, with two seeds sown per hole. 

The experimental research was conducted on traditionally cultivated agricultural land owned 
by local smallholder farmers. Land preparation was executed manually using hand hoes to ensure 
thorough soil loosening and proper tilth for planting. The cleared area was delineated into fifteen 
experimental plots, each measuring 5 m × 5 m. Plots were separated by 50 cm wide irrigation channels 
to facilitate water distribution, and raised beds measuring 20–25 cm in height were constructed to 
improve drainage and soil aeration under dryland conditions. The maize variety used was the hybrid 
Bisi-18, which is widely recognized for its adaptability to dry and marginal environments in 
Indonesia. The soybean variety employed was Dering-2, a local cultivar bred for drought tolerance, 
particularly during the reproductive phase [24]. 

2.4. Mycorrhizal Applications, Bioameliorants, and Plant Maintenance 

The Arbuscular Mycorrhizal Fungi (AMF) inoculum was obtained from a three-month maize 
trap culture and consisted of dried and ground root fragments, fungal spores, and hyphae. The 
inoculum (isolate MAA01, indigenous to North Lombok) had a spore density of ~2,500 spores per 20 
g soil and was applied at 20 g per planting hole at sowing [25]. Bioameliorants were applied at 20 g 
per hole according to treatment compositions (Table 1), followed by sowing two maize (Zea mays L.) 
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and two soybean (Glycine max L.) seeds per hole in a 3:3 row intercropping pattern. At 7 days after 
planting (DAP), replanting replaced dead plants, and at 14 DAP thinning left one maize and one 
soybean per hole. Maize received 60 kg ha⁻¹ urea and 60 kg ha⁻¹ NPK Phonska at 7, 21, and 28 DAP; 
soybean received 40 kg ha⁻¹ urea and 20 kg ha⁻¹ NPK Phonska at 7 DAP, followed by 20 kg ha⁻¹ urea 
and 60 kg ha⁻¹ NPK Phonska at 28 DAP, applied by ring placement (2.6 g hole⁻¹ for maize, 1.3 g hole⁻¹ 
for soybean). Weeds were removed manually, irrigation relied on rainfall with supplemental flooding 
when needed, and azadirachtin-based biopesticide (Organeem, 5 mL L⁻¹) was sprayed every three 
weeks. Harvesting occurred at 92 DAP, when 75% of leaves had yellowed and cobs/pods had turned 
brown, indicating physiological maturity. 

2.5. Observation of Parameters 

The observed parameters included: dry weight of maize cobs and soybean pods per plot, weight 
of shelled maize per plot, weight of soybean seeds per plot, soil nutrient contents (N and P), and plant 
N and P uptake. Total nitrogen in soil and plant samples was determined through digestion with 
(NH₄)₂SO₄ and NaOH distillation, followed by measurement using either the indophenol 
colorimetric method (λ = 636 nm) or H₂SO₄ titration [26,27]. Available phosphorus was analyzed 
using the Bray & Kurtz I extraction method and quantified by spectrophotometry at λ = 693 nm [28]. 
Mycorrhizal spore counts were determined using the wet sieving and centrifugation technique as 
described by [29], while root colonization percentage was assessed by the clearing and staining 
method [30] and calculated using the Gridline Intersect technique [31]. The surface morphology of 
the particles was examined using Scanning Electron Microscopy (SEM) at the Integrated Laboratory 
Universitas Sumatera Utara and Universitas Islam Negeri Mataram, IndonesiaSamples were 
analyzed using an electron beam with an accelerating voltage of 15 kV, directed through an aperture 
system and electromagnetic lenses to generate a fine electron probe [32]. Prior to imaging, the samples 
were flattened with a specialized device and sputter-coated with a ~10 nm layer of gold–palladium 
(Au–Pd). Electron micrographs were then acquired using a JEOL JCM-700 SEM. 

2.7. Data Analysis 

Data were subjected to analysis of variance (ANOVA), and mean separation was performed 
using the least significant difference (LSD) test at p < 0.05 with Minitab software. This statistical 
procedure, widely applied in agronomic and soil science experiments, allows accurate detection of 
treatment differences [33]. 

3. Results 

3.1. Initial Soil Properties Limiting Nitrogen Availability in Sandy Soi 

The experimental site, located in the drylands of North Lombok Regency, is characterized by 
sandy soils derived from pumiceous parent material formed on ancient landforms. The solum depth 
varied from less than 10 cm to 60 cm, indicating limited rooting volume in certain areas. Initial 
physicochemical analyses of the topsoil (0–30 cm) are summarized in Table 2. 

The data revealed a very low total nitrogen (N-total) content (<0.01%), indicating severe nitrogen 
deficiency. This is a common limitation in sandy soils, where low organic matter content and minimal 
microbial biomass contribute to limited nitrogen mineralization and poor nutrient retention. The 
organic carbon content (0.57%) was also classified as very low, supporting this inference. 

The soil exhibited a near-neutral pH (6.25), a range typically favorable for most crops. However, 
cation exchange capacity (CEC) was measured at only 8.25 cmol(+) kg⁻¹, classifying it as very low. 
This low CEC reflects the limited capacity of the soil to retain positively charged nutrient ions such 
as ammonium (NH₄⁺), calcium (Ca²⁺), and potassium (K⁺), increasing the risk of nutrient leaching—
especially under conditions of irregular rainfall or irrigation. 
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Available phosphorus (P) was relatively high (13.82 mg kg⁻¹), possibly due to residual 
accumulation from previous phosphate fertilization. Nevertheless, the potential for P fixation by 
calcium (Ca), iron (Fe), and aluminum (Al) in this soil may reduce actual bioavailability. Potassium 
(0.57 cmol kg⁻¹) and calcium (7.38 cmol kg⁻¹) levels were moderate, yet their effectiveness is 
constrained by the low organic matter and CEC. 

Soil texture was classified as loamy sand, dominated by sand particles (69.23%), with limited 
clay (2.4%) and silt (29.34%). This composition further explains the low water-holding capacity and 
rapid nutrient loss commonly observed in these dryland soils. 

In summary, the combination of low total nitrogen, minimal organic carbon, very low CEC, and 
sandy texture collectively limits the soil’s nutrient retention capacity and biological fertility. These 
baseline conditions justify the application of bioameliorants as a strategy to improve nitrogen 
availability and support sustainable crop productivity in this fragile agroecosystem. 

Table 2. Initial Physicochemical Properties of Sandy Soil at the Study Site. 

Soil properties Value Category* 
pH (H2O) 6.25 Near-neutral 
N Total % (Kjedahl) 0.01 Very Low 
Available P (mg kg⁻¹) (Olsen) 13.82 High 
Available K (cmol kg⁻¹) (Morgan-Wolf, AAS) 0.57 Moderate 
Available Ca (cmol kg⁻¹) (NH₄OAc Extraction Method) 7.38 Moderate 
Organic C (%) (Walkley-Black) 
Cation Exchange Capacity (cmol kg⁻¹) (Ammonium 
Acetate) 

1.21 
8.25 

Very Low 
Very low 

- Sand (%) 
- Silt (%) 
- Clay (%) 
Soil Texture 

69.23 
29.34 
2.40 

- 

- 
- 
-  

Loamy Sand 
* Based on Soil Research Center, Bogor (2009). 

3.2. Soil Nitrogen Concentration and Its Effect on Plant Nutrient Uptake 

Analysis of variance showed that the F4 treatment (25% compost, 25% rice husk biochar, 25% 
cattle manure, and 25% mycorrhizal biofertilizer) significantly increased soil nutrient concentrations 
compared with the control without bioameliorant (F0) (Figure 3). The bars, representing LSD values 
at the 5% level of significance, indicate that in maize, total nitrogen (N) content increased from 1.91 g 
kg⁻¹ at 42 DAP to 2.27 g kg⁻¹ at 92 DAP, while in soybean, total N rose from 1.43 g kg⁻¹ to 1.98 g kg⁻¹ 
over the same period. 

Available phosphorus (P) concentrations also increased under F4, with maize showing a rise 
from 25.11 mg kg⁻¹ at 42 DAP to 31.43 mg kg⁻¹ at 92 DAP, and soybean increasing from 23.63 mg kg⁻¹ 
to 25.13 mg kg⁻¹. Similarly, soil organic carbon (C-organic) content improved, rising in maize plots 
from 10.54 g kg⁻¹ to 13.66 g kg⁻¹, and in soybean plots from 8.44 g kg⁻¹ to 12.96 g kg⁻¹. These results 
demonstrate that F4 enhanced N, P, and C-organic availability in both crops throughout the growing 
period. 
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Figure 3. Concentration of N, P and C-organic nutrients in soil in bioameliorants with different compositions. 

The LSD value at the 5% level of significance (as shown by the bar) indicated that increasing the 
proportion of constituent materials in the bioameliorant significantly enhanced N and P uptake in 
both maize and soybean at 42 days after planting (DAP), compared with the control treatment 
without bioameliorant (F0) (Figure 4). In maize, mean nitrogen uptake increased from 26.53 mg g⁻¹ 
in F0 to 31.24 mg g⁻¹ in F4, while phosphorus uptake rose from 1.85 mg g⁻¹ to 3.85 mg g⁻¹. Similarly, 
in soybean, nitrogen uptake increased from 32.21 mg g⁻¹ in F0 to 44.84 mg g⁻¹ in F4, and phosphorus 
uptake rose from 1.86 mg g⁻¹ to 3.84 mg g⁻¹. These findings indicate that the balanced organic and 
microbial composition of F4 enhances early-season nutrient acquisition in both crops. 

 

  

Figure 4. Plant N and P Nutrient Uptake in Bioameliorants with Different Compositions. 

3.3. Spore Number and Root Colonization by Mycorrhizae 

Based on the analysis of variance followed by the LSD test at the 5% significance level, the F4 
bioameliorant treatment (25% compost, 25% rice husk charcoal, 25% manure, and 25% mycorrhizal 
biofertilizer by weight) significantly increased both the number of mycorrhizal spores and root 
colonization compared with the control without bioameliorant (F0), as indicated by the higher bar 
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values in Figure 5. This enhancement was consistent at both 42 and 92 DAP, indicating sustained 
mycorrhizal activity throughout the growing period. 

 

  

  
Figure 5. Number of Spores (per 100 g Soil) and Colonization (%) in Bioameliorants with Different Compositions 
at 42 and 92 DAP. 

Figure 5 shows that the F3 bioameliorant treatment (20% compost, 20% rice husk charcoal, 20% 
manure, and 40% mycorrhizal biofertilizer by weight) significantly increased the number of 
mycorrhizal spores. However, F4—having equal proportions (25%) of each component—was more 
effective in promoting root colonization in maize at both 42 and 92 DAP. In soybean, F4 also produced 
the highest spore counts at both sampling times, and both F3 and F4 significantly enhanced root 
colonization. In maize, the maximum spore density and root colonization were 4,244 spores per 100 g 
of soil and 86.67% at 42 DAP, increasing to 4,881 spores per 100 g of soil and 96.67% at 92 DAP. In 
soybean, the corresponding values were 5,705.3 spores per 100 g of soil and 76.67% at 42 DAP, rising 
to 5,894 spores per 100 g of soil and 86.67% at 92 DAP—indicating sustained mycorrhizal activity 
throughout the growth cycle. 

3.4. Maize and Soybean Yield 

Analysis of variance followed by the LSD test at the 5% significance level revealed that the 
application of bioameliorants significantly affected cob dry weight, pod dry weight, and kernel yield 
per plot in both maize and soybean (Figure 6). The treatment with a balanced composition of 25% 
compost, 25% rice husk charcoal, 25% manure, and 25% mycorrhizal biofertilizer (F4) produced the 
highest values across all yield parameters. This was clearly reflected in the bar values shown in the 
figure, which distinguish F4 from the other treatments. However, for maize kernel weight, the 
treatment containing 20% compost, 20% rice husk charcoal, 20% manure, and 40% mycorrhizal 
biofertilizer (F3) was statistically comparable to F4, suggesting that higher proportions of mycorrhizal 
biofertilizer can be equally effective in enhancing kernel production. 
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Figure 6. Dry Weight of Maize Cobs (DWMC), Dry Weight of Maize Cobs (DWSP), DryWeight of Soybean Pods 
(MGW), and Soybean Seed Weight (SSW) per Plot (kg). 

Figure 6 shows that the F4 bioameliorant treatment increased the dry weights of maize cobs, 
soybean pods, maize kernels, and soybean kernels from 13.06 kg to 17.28 kg, 1.17 kg to 2.06 kg, 8.46 
kg to 10.40 kg, and 0.24 kg to 0.67 kg per plot, respectively. These improvements highlight the 
substantial impact of bioameliorants with an optimized organic matter composition on crop 
productivity. The yield enhancement is likely attributable to improved soil fertility and nutrient 
dynamics, particularly increased nitrogen (N) availability, which plays a pivotal role in supporting 
plant growth and yield formation. 

3.5. Micromorphological Characteristics of Bioameliorants 

Scanning Electron Microscopy (SEM) images (2500× magnification) revealed clear structural 
gradients among the four bioameliorant formulations (Figure 7). The F1 bioameliorant (10% compost, 
10% rice husk charcoal, 10% manure, and 70% mycorrhizal biofertilizer) exhibited a compact and 
cohesive structure with fine particles tightly bound within the matrix and only limited pore 
development. In contrast, F2 (15% each of compost, manure, and rice husk charcoal, with 55% 
biofertilizer) displayed a more heterogeneous surface characterized by irregular fragments and the 
presence of small, unevenly distributed pores. 

A rougher and more porous texture emerged in F3 (20% each of compost, manure, and rice husk 
charcoal, and 40% biofertilizer), where interconnected voids and looser particle arrangements were 
evident, indicating a transition toward greater structural openness. The most distinct morphology 
was observed in F4 (25% of each component), which exhibited abundant pores, open cavities, and 
uniformly distributed aggregates across the surface. 

Overall, the SEM images demonstrate a progressive shift from a dense and compact structure in 
F1 (10% compost, 10% rice husk charcoal, 10% manure, and 70% mycorrhizal biofertilizer) to a highly 
porous and well-organized network in F4 (25% compost, 25% rice husk charcoal, 25% manure, and 
25% mycorrhizal biofertilizer). These morphological variations highlight the role of formulation 
composition in shaping bioameliorant microstructure and provide a mechanistic basis for subsequent 
differences in soil nitrogen availability and plant performance. 
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Figure 7. Visual appearance (upper row) and SEM images at 2500× magnification (lower row) of bioameliorant 
formulations with different compositions: F1 (10% compost + 10% rice husk charcoal + 10% manure + 70% 
mycorrhizal biofertilizer), F2 (15% each of compost, manure, and rice husk charcoal + 55% biofertilizer), F3 (20% 
each + 40% biofertilizer), and F4 (25% each component). 

3.6. Differentiation Analysis of Bioameliorant Composition Based on SEM-EDX Results 

The EDX spectra and elemental composition profiles (Figure 8 and Table 3) clearly demonstrate 
distinct trends across the bioameliorant formulations (F1–F4). Oxygen consistently dominated all 
samples, accounting for 73–74% by mass and 74–77% by atom, confirming that oxide compounds 
represent the primary structural components of the bioameliorants. Carbon content showed a 
pronounced increase from F1 to F4 (3.79–7.37% mass; 5.26–9.98% atom), which corresponded directly 
to the greater incorporation of compost, husks, and manure in the formulations. Nitrogen levels were 
comparatively higher in F1–F2 (≈10% mass; 12% atom), largely attributable to higher mycorrhizal 
contributions, but declined in F3–F4 (≈9–9.5% mass; 11% atom) as the relative proportion of 
proteinaceous biological inputs decreased. Minor elements such as K, Ca, Mg, P, and Zn exhibited 
relatively stable concentrations across treatments; however, their atomic% values were consistently 
lower due to their higher atomic weights. Collectively, these findings highlight that the elemental 
composition of the bioameliorants is governed by the interplay between mycorrhizal inoculation, 
which enhances oxygen and nitrogen content, and organic amendments, which predominantly 
contribute to carbon and trace mineral enrichment. 

F1 F2 F3 F4 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 September 2025 doi:10.20944/preprints202509.0378.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0378.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 21 

 

 

Figure 8. Energy Dispersive X-ray Spectroscopy (EDX) analysis of elemental composition in bioameliorant 
formulations F1–F4. 

Table 3. Mass% and atom% of elemental components in bioameliorant formulations (F1–F4) determined by 
EDX. 

Element Mass % Atom % 
 F1 F2 F3 F4 F1 F2 F3 F4 

C 3.79±0.13 4.91±0.14 5.13±0.16 7.37±0.18 5.26±0.18 6.76±0.20 7.06±0.22 9.98±0.24 
N 10.05±0.47 10.20±0.47 9.80±0.49 9.48±0.47 11.05±0.56 12.04±0.55 11.±570.58 11.01±0.55 
O 74.41±0.93 73.77±0.92 74.02±0.97 73.48±0.93 77.53±0.97 76.28±0.95 76.46±1.00 74.75±0.94 

Mg 1.46±0.11 1.41±0.10 1.47±0.11 1.22±0.10 1.00±0.07 0.96±0.07 1.00±0.08 0.82±0.07 
P 0.87±0.07 0.73±0.07 0.84±0.08 0.83±0.07 0.47±0.04 0.39±0.04 0.45±0.04 0.44±0.04 
K 4.79±0.19 4.50±0.18 4.68±0.20 4.03±0.18 2.04±0.08 1.90±0.08 1.98±+.08 1.68±0.07 
Ca 3.51±0.18 3.35±0.17 2.92±0.17 2.71±0.16 1.46±0.07 1.38±0.07 1.21±0.07 1.10±0.06 
Zn 1.13±0.17 1.14±0.17 1.13±0.18 0.88±0.16 0.29±0.04 0.29±0.04 0.29±0.05 0.22±0.04 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

4. Discussion 

4.1. Physicochemical Properties of Sandy Soils Constraining Nitrogen Availability 

The analytical results revealed an extremely low total nitrogen (N) content (<0.01%), which 
indicates a condition of severe N deficiency. This is a characteristic feature of sandy soils, which 
generally possess low organic matter content, weak nutrient-retention capacity, and limited microbial 
activity. Such edaphic constraints inherently restrict crop growth and yield potential, making external 
nutrient inputs indispensable to meet plant nitrogen demand. Similar findings have been reported in 
other tropical drylands, where sandy soils exhibit poor nutrient mineralization due to rapid organic 
matter decomposition and minimal humus stabilization [34,35]. 
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Although the soil pH at the study site was near neutral—a range generally considered favorable 
for nutrient solubility and microbial activity—the fertility status remains poor. Available phosphorus 
(P) levels were relatively high, likely due to residual accumulation from previous fertilizer 
applications. However, the actual bioavailability of this P fraction is limited, since a large proportion 
becomes immobilized through precipitation with calcium (Ca), iron (Fe), or aluminum (Al) ions. 
Several studies have highlighted that only 10–13% of applied P is absorbed by plants, with the 
remainder bound in non-labile pools. This condition emphasizes the importance of microbial-driven 
P mobilization processes to enhance nutrient availability [36,37]. 

Potassium (K) and calcium (Ca) concentrations were within a moderate range. However, the 
soil’s very low cation exchange capacity (CEC; 8.25 cmol(+) kg⁻¹) reduces the retention of essential 
cations such as ammonium (NH₄⁺), Ca²⁺, and K⁺. Consequently, nutrients are easily leached under 
irregular rainfall or irrigation, which is typical of tropical drylands. This aligns with previous reports 
indicating that sandy soils often require frequent fertilization to sustain optimal crop performance 
[38,39]. 

The soil texture, classified as loamy sand with a dominance of coarse particles (69.23% sand), 
further explains the poor fertility status. High sand content results in rapid drainage and low water-
holding capacity, which not only accelerates nutrient leaching but also creates drought stress for 
crops [40]. Low organic carbon (1.21%) and reduced biological activity exacerbate these conditions 
by limiting microbial-driven nutrient turnover [41,42]. In this context, the soil system operates with 
inherently low nutrient-use efficiency (NUE), which directly constrains crop productivity [43]. 

The combination of low N and organic C, very low CEC, and coarse sandy texture forms a set of 
interrelated limitations that severely reduce nutrient retention and cycling efficiency in these soils. 
Overcoming such constraints requires integrated soil fertility management strategies, including 
organic matter enrichment and microbial inoculation, to restore biological function and nutrient 
dynamics. Approaches such as the application of bioameliorants enriched with arbuscular 
mycorrhizal fungi (AMF) and phosphate-solubilizing microorganisms (PSMs) are particularly 
relevant, as they not only improve N and P availability but also enhance soil structural stability and 
long-term resilience [44–46]. 

4.2. Enhanced Soil Nitrogen Availability and Plant Uptake through Bioameliorant Applications  

The application of bioameliorants enriched with Arbuscular Mycorrhizal Fungi (AMF) 
significantly improved soil nutrient availability, particularly nitrogen (N) and phosphorus (P), under 
suboptimal sandy soil conditions. AMF hyphal networks extended beyond the rhizosphere, enabling 
access to immobile nutrient pools in soil micropores, while PSMs secreted organic acids and 
phosphatase enzymes that mobilized otherwise unavailable P fractions. This synergistic interaction 
enhanced nutrient availability and alleviated limitations that typically constrain plant growth in 
sandy soils [47,48]. 

The balanced formulation of the F4 treatment (25% compost, 25% rice husk biochar, 25% cattle 
manure, and 25% mycorrhizal biofertilizer) demonstrated the most consistent improvement in 
nutrient dynamics [49]. The addition of organic matter increased soil organic carbon, improved soil 
structure and cation exchange capacity (CEC), and stimulated microbial biomass, thereby supporting 
continuous nutrient turnover and enhancing nitrogen use efficiency (NUE) [50,51]. These findings 
are consistent with previous studies reporting that the integration of organic inputs and microbial 
inoculants improves soil fertility and enhances crop performance under marginal conditions. 

Beyond nutrient solubilization, the integration of organic matter and microbial inoculants 
facilitated a slow and sustained release of N through mineralization, reducing the risk of leaching 
and volatilization commonly observed in sandy soils. This was particularly evident in maize, where 
enhanced NUE translated into increased tissue N concentrations and improved growth performance. 
In soybean, the synergistic interaction between bioameliorants and biological nitrogen fixation 
further amplified N availability, supporting both vegetative growth and reproductive development 
[52]. 
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The increase in P uptake is equally important, as phosphorus plays a central role in ATP 
synthesis, root development, and enzymatic activation. By alleviating P limitation, AMF and PSM 
activity indirectly promoted greater N assimilation, highlighting the close interdependence of N and 
P cycles in crop productivity [53,54]. This ecological intensification mechanism contributes not only 
to higher yields but also to reduced reliance on chemical fertilizers, thereby enhancing the 
sustainability of maize–soybean intercropping systems in nutrient-constrained environments [55]. 

Optimized bioameliorant formulations such as F4 enhanced nutrient use efficiency by 
simultaneously improving mineralization, mobilization, and symbiotic acquisition of nutrients. This 
integrated approach aligns with sustainable agricultural intensification strategies, ensuring greater 
resilience of maize–soybean intercropping systems in nutrient-deficient agroecosystems [56,57]. 

4.3. Effects of Bioameliorant Composition on AMF Spore Density and Root Colonization  

The analysis of AMF spore abundance and root colonization across different bioameliorant 
formulations revealed distinct and crop-specific responses. Soybean rhizospheres exhibited 
significantly higher spore densities, which can be attributed to nitrogen-rich microenvironments 
created by root nodules. These nodules not only enhance soil microbial activity but also provide 
favorable conditions for AMF sporulation under sufficient phosphorus availability [58]. In contrast, 
maize demonstrated higher root colonization levels, reflecting its extensive root system and stronger 
dependency on AMF associations to support nutrient uptake in nutrient-poor soils [59]. 

The presence of AMF in control treatments, albeit at lower levels, indicates the persistence of 
indigenous AMF populations in the soil. This suggests that native fungal communities maintain a 
baseline infection potential, consistent with earlier studies showing that AMF propagules remain 
viable in marginal soils even in the absence of external inoculation [60]. However, the magnitude of 
spore density and colonization was markedly greater in bioameliorant treatments, particularly in F4, 
highlighting the benefits of balanced organic–microbial amendments in promoting robust AMF 
activity [61]. 

The balanced composition of F4 (25% compost, 25% rice husk biochar, 25% cattle manure, and 
25% mycorrhizal biofertilizer) created an enriched organic and microbial environment that supported 
the full life cycle of AMF, from spore germination to vesicle and arbuscule formation. Enhanced soil 
organic carbon and improved nutrient availability under this treatment likely stimulated AMF 
activity, leading to more effective root colonization. This symbiotic relationship, in turn, facilitated 
greater uptake of immobile nutrients such as phosphorus and micronutrients, thereby improving 
overall plant growth and productivity [62,63]. 

Interestingly, the F3 treatment, with a higher proportion of mycorrhizal biofertilizer (40%), also 
promoted significant spore proliferation. However, F4 proved superior in sustaining both high spore 
densities and root colonization rates over the growing period, demonstrating that balanced 
proportions of organic matter and microbial inoculants are more effective than simply increasing 
inoculum concentration. This indicates that the interaction between soil organic substrates and 
microbial inoculants determines the quality of the rhizosphere environment, which ultimately 
governs the effectiveness of AMF colonization and function [64,65]. 

The composition of bioameliorants strongly influences AMF proliferation and colonization 
efficiency. Treatments combining organic amendments and microbial inoculants enhanced soil 
microbial activity, stimulated AMF development, and optimized nutrient exchange between plants 
and fungi. Such improvements in AMF symbiosis contribute directly to greater nutrient uptake, 
improved plant growth, and enhanced resilience of maize–soybean intercropping systems in 
nutrient-deficient agroecosystems [66,67]. 

4.4. Impact of Bioameliorant Composition on Crop Yield  

The application of bioameliorants with varying compositions significantly influenced crop 
performance, particularly in terms of nutrient uptake, biomass accumulation, and grain yield. Across 
treatments, maize consistently exhibited higher nutrient concentrations compared with soybean, 
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underscoring its greater nutrient demand and stronger competitive ability within the intercropping 
system. The F4 treatment (25% compost, 25% rice husk biochar, 25% cattle manure, and 25% 
mycorrhizal biofertilizer) yielded the highest improvement across yield parameters, including total 
aboveground biomass, and kernel number [68,69]. 

The enhanced yield performance under F4 can be attributed to synergistic interactions between 
organic matter and microbial inoculants. Organic amendments improved soil organic carbon, water-
holding capacity, and cation exchange capacity, while the presence of AMF facilitated improved 
nutrient acquisition efficiency through an expanded absorptive surface area. These improvements 
enhanced nitrogen use efficiency (NUE), translating into increased photosynthate production and its 
effective allocation to reproductive organs, thereby supporting higher grain yield and harvest index 
[70,71]. 

Interestingly, although the F3 treatment contained a higher proportion of mycorrhizal 
biofertilizer (40%), it was statistically comparable to F4 for certain yield parameters, such as maize 
kernel weight. This suggests that simply increasing inoculum concentration does not guarantee 
proportional yield gains; instead, a balanced formulation that combines organic matter and microbial 
inoculants provides a more stable and sustainable yield improvement. Such results support the 
principle of ecological intensification, whereby multiple soil amendments interact to create resilient 
and productive cropping systems [72,73]. 

Comparisons with previous studies further reinforce these findings. For instance, similar 
improvements in maize–soybean systems under biofertilizer and compost application have been 
reported in tropical drylands, where increases in nutrient availability were closely linked to higher 
grain yields. The consistency of the present results across different yield components demonstrates 
the robustness of bioameliorants in enhancing crop productivity under nutrient-deficient conditions. 
More importantly, the results confirm that bioameliorants can effectively reduce the reliance on 
synthetic fertilizers while sustaining high yields in intercropping systems [74,75]. 

The balanced F4 formulation outperformed other treatments by maximizing soil fertility 
restoration, enhancing AMF symbiosis, and sustaining greater nutrient uptake efficiency. These 
integrated improvements translated into significant yield advantages in both maize and soybean. 
Thus, bioameliorants not only enhance short-term productivity but also contribute to the long-term 
sustainability of intercropping systems in sandy, nutrient-poor soils [76]. 

4.5. Role of Bioameliorant Microstructure in Nitrogen Cycling and Crop Performance 

The micromorphological characteristics of bioameliorants play a critical role in shaping their 
functional performance in soil nitrogen (N) dynamics. Scanning Electron Microscopy (SEM) analysis 
revealed that denser and less porous formulations, such as F1, restricted microbial colonization and 
limited gaseous and aqueous diffusion, thereby constraining organic matter mineralization and N 
turnover. In contrast, the porous architectures of F3 and particularly F4 provided larger surface areas 
and interconnected pore networks, which enhanced microbial colonization, facilitated substrate 
diffusion, and accelerated the cycling of nitrogenous compounds [77]. 

These structural differences are consistent with previous findings showing that biochar–
compost–manure blends with higher porosity create more favorable habitats for nitrifying and 
denitrifying microorganisms, improving nutrient cycling while reducing N losses through leaching 
or volatilization [78–80]. Enhanced pore connectivity not only facilitates microbial proliferation but 
also stabilizes microbially derived organic matter, thereby promoting long-term soil fertility and 
carbon sequestration [81–83]. Such changes also help regulate nitrogen transformations, ensuring 
greater synchronization between nutrient availability and crop demand [84]. 

The balanced formulation in F4, combining compost, rice husk biochar, cattle manure, and 
mycorrhizal biofertilizer in equal proportions, not only enhanced porosity but also enriched 
microbial colonization sites [85]. This synergy between structural and biological attributes resulted 
in improved synchronization between nutrient release and plant demand, thus enhancing nitrogen 
use efficiency (NUE) [86]. The presence of AMF further amplified this effect by creating extensive 
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hyphal networks that accessed nutrient microsites beyond the immediate rhizosphere, improving the 
acquisition of both macro- and micronutrients [87,88]. 

Furthermore, the improved water-holding capacity and aeration provided by porous structures 
buffered crops against abiotic stresses, particularly intermittent drought typical of sandy drylands 
[89–91]. This indicates that bioameliorants influence plant performance not only chemically and 
biologically but also physically, through changes in soil structure that govern water and nutrient 
availability [92]. Such multifaceted contributions underline the importance of tailoring bioameliorant 
composition to achieve specific structural and biological properties that match crop and 
environmental requirements [93,94]. 

The microstructural attributes of bioameliorants are directly linked to their capacity to regulate 
N cycling and crop performance. Treatments like F4, which integrate balanced organic matter inputs 
with microbial inoculants, optimize porosity, microbial activity, and nutrient synchronization [95,96]. 
These improvements reinforce the role of bioameliorants as a sustainable tool for enhancing soil 
health, reducing nutrient losses, and improving the resilience and productivity of maize–soybean 
intercropping systems in nutrient-deficient sandy soils [97–100]. 

4.6. Elemental Composition and Soil Fertility Implications 

The EDX results confirmed oxygen as the dominant element across all formulations (73–74% 
mass; 74–77% atom), indicating that oxides form the structural backbone of the bioameliorants, 
consistent with previous studies on the stability and nutrient content of biochar derived from 
different feedstocks and pyrolysis conditions [101]. Carbon content increased markedly from F1 to 
F4, reflecting higher inputs of compost, husks, and manure, which are key drivers of soil organic 
matter and nutrient retention in sandy soils [102]. Nitrogen was relatively higher in F1–F2 due to 
stronger mycorrhizal contributions but declined in F3–F4 as proteinaceous sources decreased, 
supporting the role of microbial symbiosis and organic blends in enhancing nitrogen cycling and 
plant uptake [103]. Minor nutrients (K, Ca, Mg, P, Zn) were stable but agronomically important, 
providing essential cofactors for plant metabolism and demonstrating slow-release dynamics that are 
highly feedstock dependent. The findings show that the balance between mycorrhizal inoculation 
and organic amendments determines the elemental profile of bioameliorants. Mycorrhiza primarily 
enhance nitrogen enrichment, while organic matter boosts carbon and trace minerals. This 
complementary interaction is particularly relevant for sandy soils, where low nutrient retention limits 
productivity. Thus, integrated bio-based amendments such as biochar–compost–vermicompost 
blends offer a promising strategy to improve nutrient availability, soil quality, and sustainable crop 
performance [104]. 

5. Conclusions 

1. The application of bioameliorants significantly improved soil fertility, nutrient availability, and 
crop productivity in maize–soybean intercropping systems on sandy soils. Among all 
treatments, the balanced F4 formulation (25% compost, 25% rice husk biochar, 25% cattle 
manure, and 25% mycorrhizal biofertilizer) was the most effective, enhancing nitrogen and 
phosphorus availability, increasing soil organic matter, and stimulating microbial activity. 

2. Yield improvements in both maize and soybean were strongly linked to greater nutrient use 
efficiency, higher AMF colonization, and improved soil health. These results demonstrate that 
bioameliorants provide dual benefits: immediate yield gains and long-term enhancement of soil 
resilience and fertility. 

3. Optimized bioameliorant formulations therefore represent a practical and sustainable strategy 
to reduce dependence on chemical fertilizers and to strengthen ecological resilience in nutrient-
deficient sandy agroecosystems, contributing to the development of nitrogen-efficient and 
climate-resilient intercropping systems. 
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