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Abstract: Soil degradation driven by excessive inorganic fertilizer use and conventional cultivation practices has
reduced land productivity in tropical regions, including Indonesia. This study developed biological pellet-based
planting media to improve soil physical, chemical, and biological properties while providing controlled nutrient
release. The research employed a panel design and split-plot layout on sandy Entisol soils, evaluating physical—
chemical characteristics, rhizosphere microbial colonization, and nutrient-release kinetics using the Gompertz model.
The results show that pellets increased soil porosity up to 56%, extended water retention to 22 hours, and significantly
enhanced organic carbon as well as N, P, K, Ca, and Mg levels compared with the control. Nutrient release followed
a lag—exponential-plateau pattern, indicating an efficient gradual-release mechanism. Microbial and soil-fauna
activity more than doubled, demonstrating restored biological functioning of the soil. Treatments with a balanced
organic—inorganic ratio (50:50) exhibited the best overall performance across all parameters. Overall, pellet-based
planting media prove effective as multifunctional soil conditioners that enhance fertility, nutrient efficiency, and

agroecosystem sustainability in marginal tropical soils.
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1. INTRODUCTION

Food sovereignty and the sustainability of agricultural production systems now demand a
paradigm shift from intensification that relies solely on inorganic inputs toward a model that
integrates soil engineering, soil biology, and ecosystem-oriented agronomic practices. Indonesia,
with its diverse agroclimatic conditions, faces a serious challenge of large-scale land degradation,
characterized by declining soil organic matter, reduced soil biota activity, and changes in soil
structure and porosity that affect water retention and nutrient accessibility for plant roots. This
condition requires solutions that are not only technical but also contextual, respecting the socio-
economic dynamics of farmers and offering technological packages that are easily adaptable [1].

Digital innovations in agriculture, ranging from web-based platforms for managing genetic
diversity data to deep-learning driven automation systems are increasingly shaping how agronomic
decisions are made in modern production landscapes [2-4]. Best practices in agricultural
information systems further emphasize that integrating digital tools with land-management
strategies strengthens knowledge flow and supports farmer-level innovation [5].

Biological planting media in pellet form serve as an integrated intervention, offering a
combination of organic materials, minerals, and microorganisms that provide dual functions:
structured nutrient supplementation and restoration of soil ecosystem services through enhanced
biological activity. The concept of pelletization enables controlled nutrient release, minimizes
losses through leaching or volatilization, and maintains the viability of beneficial microbes within
the rhizosphere. Pellets formulated with appropriate compositions can also improve the physical
properties of the planting media, increase cation exchange capacity, stabilize soil aggregates, and
enhance pore structure to facilitate root penetration and water movement [6, 7].

Preliminary observations suggest that pellets can effectively improve the physical, chemical,
and biological properties of soil under tropical field conditions, influence nutrient-release patterns
that interact with in-soil nutrient dynamics, and determine the extent to which microbial
colonization from pellets modifies local microbial communities and ecosystem services related to
nutrient cycling. Broadly, this study aims to examine the effects of pellet transformation as a
planting medium on land quality improvement [8, 9]. Specifically, the research objectives are: (1)

to evaluate changes in soil physical properties (porosity, permeability, and water-holding retention)
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based on X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) observations after
pellet application, (2) to measure changes in soil chemical properties including pH, availability of
N, P, K, Ca, Mg, and C-organic content, (3) to observe colonization patterns of microorganisms
(bacteria and fungi) from pellets into the rhizosphere environment and their effects on the presence
of earthworms, and (4) to analyze the kinetics of nutrient release from the pellet media.

Restoring soil fertility requires a multi-dimensional approach that recognizes soil as a living
system. Soil organic matter is the central driver of soil dynamics, serving as a substrate for
microbes, influencing aggregate formation, and functioning as a chemical buffer that determines
nutrient availability [10, 11]. The pellets developed in this study are intended as a localized source
of organic matter that provides a measured nutrient supply and carbon sources for microorganisms.
Controlled-release theory explains that the physical structure of pellets and the characteristics of
their matrix determine nutrient-release kinetics, while biological interactions such as microbial
enzymatic activity and biofilm formation mediate chemical transformations that influence the

forms of nutrients available to plant roots.

2. RESEARCH METHODOLOGY

The study was conducted over five months, from May 2025 to September 2025, during the
lowest rainfall season (<60 mm). The research site was located in Srandakan District, Bantul
Regency, Yogyakarta Province, Indonesia, at the coordinates (-7.9585258, 110.2478838). The
location was selected to represent heterogeneous marginal land conditions characterized by sandy
Entisol soils, classified as United States Department of Agriculture (USDA) Typic
Quartzipsamment, siliceous, and isohyperthermic. These soils are derived predominantly from
silica (quartz), exhibit consistently high temperatures (>22°C year-round), and are situated within
a dry tropical coastal zone with a maximum distance of 40 km from the shoreline.

The experimental design employed a split-plot randomized complete block design (RCBD)
combined with a Panel Design to monitor temporal changes within the same land units, allowing
observation of soil fertility dynamics and microbial community shifts over time. The applied
treatments consisted of two main pellet formulations [12, 13], namely Organic Pellets and
Inorganic Pellets, which were distributed across four treatment groups as presented in Table 1. A
total of 100 kilograms of material was prepared and applied to a 100 m? frame, followed by daily
irrigation. The field interpretation and placement of sampling points for each treatment plot were

carried out based on the layout illustrated in Figure 1.
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TABLE 1. Composition of pellet-based treatments.

Organics Inorganic
Treatment Pellets (%) Pellets (%) Description
A (Control) 0 0 100% NPK (Control)
B (25:75) 25 75 Organic pellets + inorganic pellets
C (50:50) 50 50 Balanced organic — inorganic pellets
D (75:25) 75 25 High-organic pellet mixture

Points of sample callecting
per treatment plots

Treatment A Treatment 8 Treatment € - Treatment D

FIGURE 1. Model performance trend across multiple horizons, measured by (A) RMSE and (B) R2.

The total field area used was 1000 m? to characterize how each treatment performed under
realistic field conditions, ensuring representativeness with respect to the intended raw material
configurations. The raw materials for pellet production consisted of two primary formulations:
organic pellets and inorganic pellets. Organic pellets were produced using a mixture of lignin-rich
biomass (peanut shells), rice-husk biochar, composted goat manure, crushed eggshells as a calcium
source, and local microbial inoculum. In contrast, inorganic pellets were formulated using
bentonite/zeolite, nutrient elements with a purity of approximately £75% [14, 15], technosol soil,
and a liquid carrier that functioned as both a binder and a filler [10].

The production process involved grinding all materials using a disk mill to a particle size of

approximately 0.5 mm, followed by initial low-temperature oven-drying (<90° C) for 12 hours
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to ensure microbial safety and pathogen reduction. A 24-hour parametric composting phase was
conducted to activate microbial communities, after which the mixture was dried and pelletized
using a KL210 pelletizer. After shaping, the pellets were briefly air-dried and coated with
microbial inoculum [10] using a Very Low Volume (VLV) sprayer to ensure even distribution of
beneficial microbial cultures on the pellet surface. The inorganic pellets were designed as a mineral
matrix, processed using a pressed mill to break down aggregates before pellet shaping and drying.
Pellet size and dimensions were optimized to maximize effective surface area, enabling controlled

modulation of nutrient-release kinetics.

3. RESULTS

The transformation of planting media into pellet form produced clear improvements in the
physical, chemical, and biological properties of the soil, consistent with the conceptual framework
outlined in the previous sections. Increases in porosity, aggregate stability, and water retention
indicate that the engineered pellet structure effectively enhances soil aeration and moisture
dynamics [16]. Chemically, elevated levels of organic carbon and macro-nutrient availability
reflect a controlled and sustained nutrient-release pattern. At the same time, biologically, the
enhanced microbial colonization and greater soil fauna activity demonstrate the recovery of soil
ecosystem functions as a living and adaptive system. These findings reinforce the hypothesis that
pellet-based planting media function dually as soil amendments and as sources of biological
nutrients, integrating material engineering, soil biology, and sustainable agronomic principles [7,
9, 10].
3.1. Chemical Properties. Figure 2 presents the changes in macro-nutrient contents (N, P, K, Ca,
Mg) and several soil or planting-media parameters (organic matter, C/N ratio, pH, micronutrients,
and unknown materials) across the four pellet-based treatments: Treatment A (NPK control),
Treatment B (25:75), Treatment C (50:50), and Treatment D (75:25). With respect to nitrogen
(N%), the control (A) exhibited the lowest value (approximately 1.4%), whereas the pellet
treatments showed substantial increases, reaching up to £8.85% in one of the treatments. This
indicates that pellet media containing specific mixed ratios beyond NPK alone can effectively
increase total nitrogen content in the planting media. Similarly, relative increases in P and K were
observed. However, the absolute values of K remained low in several treatments, demonstrating

that the addition of pellet media can noticeably alter macro-nutrient profiles [17].
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The results of the analysis in the application to lands of pellets planting media
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FIGURE 2. Chemical and nutrient composition of the planting media across four treatments (A: NPK control, B:
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25:75, C: 50:50, D: 75:25), showing changes in macronutrients (N, P, K, Ca, Mg), micronutrients, unknown
materials, oraanic matter, C/N ratio, and pH followina pellet application.

The behavior of calcium (Ca) and magnesium (Mg) is also notable, treatments with higher
mixed ratios showed increases of 14.75% in Ca and 4.35% in Mg in one treatment, far exceeding
the control. This suggests that pellet media incorporating targeted supplementary components can
significantly enhance the medium’s capacity to supply Ca and Mg [14].

Parameters that are not always the primary focus, such as organic matter, C/N ratio, and pH
also demonstrated relevant dynamics. One treatment showed a remarkably high proportion of
unknown materials (90.55%) compared with only 5.02% organic matter in the control, indicating
that pellet-amended media may contain substantially richer organic fractions or reflect markedly
different material compositions. The C/N ratio also varied widely, from 3.66% to 33.15% across
treatments. This is important because the C/N ratio directly influences nitrogen mineralization and
nutrient availability. Soil pH ranged from approximately 6.5 to 7.4, a range that affects the
availability of both macro- and micro-nutrients. Therefore, major compositional shifts induced by
pellet application must be accompanied by appropriate management of pH and C/N ratio to avoid
nutrient lock-up or excessive nutrient leaching [18, 19].

Overall, these data imply that the application of pellet media with varying ratios (25:75, 50:50,
75:25) significantly alters the chemical profile of the planting media compared with the NPK

control. With increases in macro-nutrients (N, P, K, Ca, Mg), greater organic matter content, and
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shifts in parameters such as C/N ratio and pH, pellet media have strong potential to improve soil
fertility and nutrient supply for plants. However, such substantial changes also highlight the need
for monitoring and balance, as nutrient imbalances, pH shifts, or suboptimal C/N ratios may affect
plant performance or even induce stress.

3.2. Physical Properties. Figure 3 presents three key physical parameters of the planting media,
porosity (%), permeability (cm/hour), and water retention (hours) across the four treatments:
Control A (NPK), Treatment B (25:75), Treatment C (50:50), and Treatment D (75:25). In terms
of porosity, Treatments C and D exhibited substantially higher values (56% and 54%, respectively)
compared with the control (34%) and Treatment B (55%). This indicates that media mixtures
containing non-NPK pellet components can increase pore spaces within the soil structure. The
permeability parameter, which reflects the rate of water flow through the media, showed that the
control (A) had the highest value (50 cm/hour). In contrast, Treatments B and C exhibited much
lower values (20 cm/hour), with Treatment D slightly higher (21-22 cm/hour). This marked
reduction in permeability in the mixed-pellet treatments suggests that the media become more
resistant to rapid water flow or exhibit greater hydraulic impedance. Such conditions imply that
pellets tend to slow the movement of free water and increase the duration of contact between water

and the media, which in turn may enhance water retention and root accessibility.

Changes in the physical properties of the soil after application

100%
80%
60%
40%
20%
0%
Porosisty (%) Permeability Water retention
(cm/hour) (hour)

B Treatment A (NPK) Control B Treatment B (25:75)
Treatment C (50:50) Treatment D (75:25)

FIGURE 3. Changes in the physical properties of the soil after pellet application across four treatments (A: NPK

control, B: 25:75, C: 50:50, D: 75:25), including porosity, permeability, and water retention.
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For water retention, Treatment D had the highest value (22 hours), followed by Treatment C
(22 hours) and Treatment B (21 hours), while the control showed the lowest retention time (3
hours). This demonstrates that media with higher pellet content substantially improve the soil's
ability to retain water for extended periods. Such enhancement is critical for plant growth, as
prolonged water availability in the root zone can reduce drought stress and improve plant
performance. The relationship between increased organic matter and enhanced water-holding
capacity is well documented, with literature noting that even a 1% increase in organic matter can
significantly improve the amount of plant-available water in the soil [20].
3.3. Biological Properties. Figure 4 shows that treatments incorporating pellet-based planting
media (Treatments B, C, and D) resulted in substantially higher counts of microbial colonies (fungi
and bacteria) and greater symbiotic activity between earthworms and microorganisms than the
control (Treatment A). The data indicate that total fungal colonies in the control reached only 28.7,
whereas the pellet-based treatments ranged from 137.9 to 145.3. A similar pattern was observed
for total bacterial colonies, with the control showing only 23.3, compared with 140-150 in the
pellet treatments. These results indicate that richer planting media or mixtures containing organic
components and microbial inoculants can significantly increase the abundance of both fungal and

bacterial communities.

The symbiotic of colonies on the environment
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FIGURE 4. Biological responses of the soil environment following pellet application across four treatments (A:
NPK control, B: 25:75, C: 50:50, D: 75:25), including total fungal colonies, total bacterial colonies, microbial

density in the surrounding environment, and the symbiotic activity of earthworms with microorganisms.
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Furthermore, environmental microbial density in the control was very low (7.3 x 10%)
compared with the mixed treatments, which ranged from 11.1 X 10® to 13.5 x 108 This
demonstrates that not only the microbial colonies within the media increased, but also the activity
and spatial distribution of microorganisms in the surrounding environment expanded substantially
following pellet application. In addition, symbiotic interactions between earthworms and
microorganisms increased from 11 in the control to 20-26 in the pellet treatments. This indicates
that the combination of pellet-based planting media enhances positive interactions between soil
fauna (earthworms) and microbial communities, thereby strengthening biological processes within
the planting-medium ecosystem [21, 22].

From the perspective of planting-medium ecosystem functioning, these results reinforce the
understanding that the presence and activity of microorganisms and soil fauna, such as earthworms,
serve as important indicators of soil health and overall ecosystem functionality. Recent literature
also shows that earthworm activity can alter microbial communities, soil structure, and nutrient
processes (e.g., nitrogen mineralization) through mechanisms involving the drilosphere, the soil
domain shaped by earthworm movement that becomes a specialized zone for microbial
colonization.

3.4. Nutrient Release Kinetics (Gompertz Model). The dynamics of nutrient release from the
pellet fertilizers were analyzed using the Gompertz model, which characterizes controlled-release
behavior through three distinct phases: an initial lag phase, a subsequent exponential release phase,
and a final plateau. This modeling approach provides a quantitative framework for understanding
how the structural composition of the pellets, particularly the balance between organic and
inorganic components, governs the temporal availability of key nutrients in the soil.

3.4.1. Nitrogen Release. Figure 5 illustrates the nitrogen (N) release curve modeled using the
Gompertz function, highlighting the characteristic lag, exponential, and plateau phases. The
nitrogen (N) release pattern from the pellet fertilizers exhibited a good fit with the Gompertz model,
which characterizes gradual mineralization processes across three primary phases. During weeks
2 to 4, the system entered a lag phase with minimal N release due to the dominance of complex
organic compounds (proteins and amides) that had not yet decomposed. The exponential phase
occurred between weeks 6 and 10, marked by accelerated nitrogen release driven by the activity
of decomposer microorganisms such as Azotobacter, Bacillus, and Actinomycetes, which convert

organic nitrogen into inorganic forms (NH4* and NOs"). After week 10, the system transitioned
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into a stable plateau phase, indicating a reduction in readily decomposable substrates and

increasing nitrogen binding to humic complexes [7].
Model Gompertz - Nitrogen Release
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FIGURE 5. Gompertz model of nitrogen release following pellet application across four treatments (A: NPK

control, B: 25:75, C: 50:50, D: 75:25).

Treatment B (25:75) and Treatment C (50:50) showed the highest release rates, reaching their
peaks around week 10 with maximum N values exceeding 2%. This demonstrates that balanced
proportions of organic and inorganic materials enhance the efficiency of gradual nitrogen release.
In contrast, Treatment D (75:25) exhibited a slower release rate due to its high organic fraction,
which led to nitrogen immobilization by soil microorganisms.

3.4.2. Phosphate Release. Figure 6 presents the phosphate (P) release profile following a
Gompertz-type response across the pellet treatments. The phosphate (P) release pattern followed
a sigmoid Gompertz curve, reflecting the dynamics of phosphorus mineralization from the pellet
fertilizer. In the early phase (weeks 2 to 4), P release remained slow due to the dominance of
organic phosphate forms and their association with metal complexes such as Fe, Al, and Ca in the
soil. The acceleration phase occurred between weeks 6 and 10, marked by increasing activity of
phosphate-solubilizing microorganisms, particularly Bacillus and Pseudomonas spp. which
convert unavailable forms (Fe-P and Al-P) into soluble orthophosphate. After week 10, the system
reached a stable plateau, as most of the available P had been solubilized or re-complexed onto soil

colloids [1, 23].
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Model Gompertz - Phosphate Release
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FIGURE 6. Gompertz model of phosphate release following pellet application across four treatments (A: NPK

control, B: 25:75, C: 50:50, D: 75:25).

Treatment B (25:75) exhibited the highest release rate, reaching a peak of approximately £1.8%
at week 8, followed by Treatment C (50:50) and Treatment D (75:25). The combination of organic
and inorganic components resulted in a slow-release mechanism that maintains P availability
longer than the NPK control. Within the pellet structure, the organic matrix plays an important role
as a binding agent (binder) that partially slows the dissolution of inorganic P, thereby supporting a

gradual release aligned with the plant’s nutrient requirements.

3.4.3. Potassium Release. Figure 7 presents the potassium (K) release kinetics modeled using the
Gompertz curve, indicating gradual dissolution behavior. The potassium (K) release kinetics from
the pellet fertilizers followed the Gompertz model, which represents the gradual dissolution
dynamics of K* ions. Between weeks 2 and 6, a rapid increase in K release occurred due to the
high solubility of potassium in the forms of K-O and KCl, which readily dissociate from the pellet
matrix. After week 8, the release rate slowed as the diffusion of K* ions became restricted by the

porosity of the organic materials and the structural density of the pellet [19].
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Model Gompertz - Potassium Release
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FIGURE 7. Gompertz model of potassium release following pellet application across four treatments (A: NPK

control, B: 25:75, C: 50:50, D: 75:25)

Treatment B (25:75) exhibited the highest release rate, reaching a peak of 0.69%, compared
with Treatments C (50:50) and D (75:25). This indicates that a lower proportion of organic material
provides greater diffusion space, thereby increasing the mobility of K* ions into the soil solution.
Conversely, a higher organic fraction results in stronger physical interactions between K* and the
carboxyl and phenolic functional groups present in the organic matrix, consequently reducing the

rate of K release.

4. DISCUSSION

4.1. Physical, Chemical, and Biological Improvements. This study demonstrates that the
application of pellet-based planting media, both organic and inorganic in varying ratios, produced
integrated improvements in the physical, chemical, and biological properties of marginal soils.
These outcomes align with the initial hypothesis that pelletization can function as a media-
engineering strategy to enhance soil ecosystem services. The observations showed significant
increases in porosity, water retention, and aggregate stability, accompanied by increases in
macronutrient levels and microbial activity. These findings are consistent with previous reports on
the potential of topsoil or soil pellets and organic amendments as rehabilitation strategies for
degraded lands [7].
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4.2. Physical, Chemical, and Biological Improvements. From a physical perspective, the
improvements in porosity and water retention observed in the pellet-based treatments likely
resulted from two interacting mechanisms: (i) the addition of structured organic fractions (such as
rice-husk biochar and peanut shells), which enhance the media’s capacity to adsorb and hold water;
and (i1) modifications to particle structure and pore-size distribution facilitated by pellet
aggregation. These effects align with literature showing that organic matter and biochar additions
can increase water-holding capacity and improve micro—macropore structure, thereby reducing
rapid water fluxes, an effect particularly important in sandy Entisols where increased contact time
between water and root zones is beneficial [24].

Chemically, the increases in organic carbon, N, P, K, Ca, and Mg observed across mixed-pellet
treatments indicate that pellets function both as reservoirs of bound nutrients and as gradual-release
sources. However, variations in C/N ratios and pH across treatments show that nutrient availability
is influenced not only by quantitative presence but also by microbial transformation processes
(mineralization/immobilization) and sorption interactions with organic fractions. High C/N ratios
can lead to temporary N immobilization, while shifts in pH may influence P availability and
micronutrient behavior. These findings align with studies on biochar and slow-release fertilizers
that highlight the influence of organic/mineral matrices on nutrient release and retention [25].

Enhanced microbial colony counts and macro-faunal activity (e.g., earthworms) in pellet
treatments indicate that pellets provide substrates and microhabitats conducive to microbial
proliferation and beneficial fauna—microbe interactions. Recent literature on microbial inoculants
and bio-inocula supports the idea that biological amendments (including phosphate solubilizers,
nitrogen fixers, and cellulose degraders) can accelerate the transformation of organic matter into
soluble nutrients and enrich microbial diversity, especially critical in marginal soils. Successful
local colonization by pellet-associated microbes is thus a key mechanism underlying the improved
ecosystem functions observed in this study [26].

Potassium behavior, characterized by rapid initial release in higher-mineral-fraction
treatments and slower release in high-organic-fraction treatments is consistent with literature
indicating that readily soluble K fractions in biochar and mineral matrices become immediately
available, whereas interactions with carboxyl and phenolic groups in organic matter delay K
release. This is particularly important in sandy soils where K management is highly sensitive to

leaching losses, making the organic—inorganic pellet ratio a crucial determinant of usable K



14
PUTRA, NUGRAHA, BIMANTIO, SUPARYANTO, NUGROHO, PARDAMEAN

availability [27].

4.3. Nutrient-Release Dynamics (Gompertz Model Interpretation). Nutrient-release kinetics
modeled using the Gompertz function for N, P, and K showed strong conformity with the
characteristic sequence of lag, exponential, and plateau phases typical of nutrient release from
organic and composite amendments. Interpreting these phases provides practical insights: the lag
phase corresponds to slow initial release due to complex organic compounds; the exponential
phase reflects enhanced microbial activity and physical dissolution; and the plateau indicates the
depletion of readily soluble substrates. The use of the Gompertz model is well supported in the
literature for organic-release systems and allows for the estimation of parameters useful for
designing fertilization schedules aligned with plant nutrient demands [28].

4.4. Agronomic Implications and Limitations. The agronomic implications for marginal sandy
soils, such as the warm coastal Entisols used in this study suggest that pellets may serve as a
multifunctional strategy capable of improving physical properties (through increased water
retention), enhancing organic matter stocks, and providing a more stable nutrient supply compared
with conventional liquid or soluble NPK inputs. Similar restoration and amendment studies
reported improvements in planting frameworks and fertilizer-use efficiency under field conditions.
However, long-term agronomic benefits require validation through crop-yield measurements,
nutrient-use efficiency (NUE) assessments, and economic evaluations [7].

From a pellet-production standpoint, formulation visibility, including raw material type,
particle size, pelletizing pressure, pre-heating/sterilization, and inoculum addition was shown to
influence pellet properties and release behavior. The production processes used in this study,
grinding, low-temperature drying, short parametric composting, and microbial inoculation via
sprayer reflect best practices for maintaining microbial viability while reducing pathogens,
although these parameters will need adjustment for large-scale production to ensure homogeneity
and microbiological safety. Potential risks such as nutrient imbalance, undesirable pH shifts, or
contaminants must also be evaluated before wide-scale adoption.

Overall, this study provides empirical evidence that transforming planting media into pellets,
when properly formulated, represents a promising integrated approach for improving marginal soil
quality through enhanced physical properties, controlled nutrient release, and stimulation of soil
biological communities. For practical adoption and policymaking, key recommendations include

optimizing organic—inorganic pellet ratios for specific objectives, standardizing production
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protocols for microbial safety, conducting multi-season field trials, and integrating agronomic
monitoring with environmental assessments to ensure long-term benefits. These results open
opportunities for incorporating bio-pellets into sustainable land rehabilitation strategies [12, 29—
31].

5. CONCLUSION

This study demonstrates that pellet-based planting media, both organic and inorganic, can
effectively improve the physical, chemical, and biological quality of marginal sandy soils.
Increases in porosity, water retention, and aggregate stability highlight the effectiveness of pellet
structural engineering in optimizing soil aeration and moisture conditions that are essential for root
development. Chemically, the increases in organic carbon and macronutrient availability (N, P, K,
Ca, Mg) confirm that pellets function both as nutrient sources and soil conditioners with controlled
nutrient-release patterns. The Gompertz modeling results further reveal a gradual release
mechanism that maintains nutrient availability while reducing losses through leaching. From a
biological perspective, enhanced microbial colonization and soil-fauna activity strengthen soil
ecosystem functions through mineralization processes and aggregate formation. These outcomes
indicate that pellets contribute to restoring soil biotic activity, which is crucial for natural fertility
and agroecosystem sustainability. Overall, transforming planting media into pellet form represents
a promising agronomic innovation for improving soil fertility in a sustainable manner. This
approach merits further development at field and economic scales to support marginal-land

rehabilitation and regenerative agriculture in tropical regions.
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