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Ultisol, a widely distributed soil in tropical regions, remains underutilized in agriculture due to its inherently low
phosphorus (P) availability, with substantial amounts bound in recalcitrant Al-P, Fe-P, and Ca-P fractions,
limiting plant uptake. However, limited understanding exists regarding how different compost sources can more
effectively mobilize these P fractions to enhance crop performance in field-relevant tropical conditions. This
study addressed this problem by evaluating the efficacy of rice straw and corn stover composts in transforming
these key P fractions into more available forms for corn (Zea mays) growth. A two-phase experimental design was
employed, including a six-week soil incubation where Ultisol was amended at 20 tons/ha to assess shifts in Al-P,
Fe-P, Ca-P, and available P, and a subsequent greenhouse experiment examining corn growth responses to
varying compost rates (10, 20, 30 tons/ha). Compared to rice straw compost, corn stover compost, which
contained higher levels of humic and fulvic acids, more effectively reduced P bound in Al-P, Fe-P, and Ca-P
complexes by up to 67 %, thereby significantly enhancing P availability. These results align with previous
findings on organic amendments but further demonstrate the pivotal role of higher humic and fulvic acid content
in boosting P release from multiple soil-bound fractions. Enhanced P availability translated into improved crop
performance, as evidenced by increased ear length, diameter, and grain weight. The implications of this study
suggest a cost-effective and environmentally friendly approach to overcoming P limitations in acidic, highly
weathered soils. Nonetheless, the greenhouse-scale scope represents a limitation, highlighting the need for
longer-term field evaluations to assess broader impacts on soil health and nutrient cycling. These findings
highlight that the superior capacity of corn stover compost to chelate metal ions, release bound P, and increase
its bioavailability offers a sustainable strategy to overcome P limitation in Ultisol. Future research should explore
multi-season field trials and in-depth microbial assessments of compost impacts on P dynamics, soil health, and
crop resilience, ultimately optimizing sustainable soil management in tropical agriculture.

1. Introduction

Phosphorus (P) deficiency in tropical soils significantly hinders
agricultural productivity and threatens global food security (Montalvo
et al.,, 2018). In highly weathered tropical soils such as Ultisol, the
inherently low P availability often stems from complex interactions
between soil acidity, mineral composition, and extensive leaching,
leading to P fixation and reduced crop yields (Montalvo et al., 2018).
Given that around 70 % of the global population depends on agriculture,
nutrient limitations in these soils present substantial risks to food se-
curity and price stability (Graaf et al., 2019). In Indonesia, Ultisol covers
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approximately 18 million hectares, notably across Sumatra, Java, and
Sulawesi. This soil, representing about 8 % of the world’s land area, has
significant agricultural potential due to its water retention capacity and
mineral-rich composition (Pasang et al., 2019; Gupta et al., 2020).
Despite its mineral richness, Ultisol is often regarded as “dead soil” due
to limited P bioavailability, acidic conditions, and elevated levels of Al
and Fe that restrict P solubility (Gupta et al., 2020; Lukmansyah et al.,
2020). These constrains contribute to underutilization of arable land
(Lukmansyah et al., 2020).

Although acidic soils predominantly fix P through Al and Fe com-
plexes, Ca-P may also persist when calcium-rich parent materials are
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present, thus maintaining significant Ca-P fractions even under acidic
conditions (Pasang et al., 2019; Gupta et al., 2020; Lukmansyah et al.,
2020; Chulo et al., 2021). Much of this P is bound in Al-P, Fe-P, and Ca-P
complexes that limit plant accessibility (Simpson et al., 2011). Addi-
tionally, microbial communities adapt to exploit more recalcitrant
substrates, potentially exacerbating low P bioavailability (Yao et al.,
2018). Such conditions can reduce ecosystem resilience and biodiver-
sity, ultimately affecting ecosystem services critical to agriculture (Xu
et al., 2016).

A promising strategy to improve P availability in Ultisol involves
organic amendments like compost. Organic matter from sources such as
rice straw or corn stover compost can supply organic acids—particularly
humic and fulvic acids—that chelate metal ions and enhance P release
(Lansari et al., 2018; Sootahar et al., 2019). Studies report that rice straw
compost can increase available P by up to 30 % (Reyes-Bozo et al.,
2014), while humic and fulvic acids have been shown to improve P
solubility by up to 40 % in acidic soils (Ekpo et al., 2016; Graaf et al.,
2019). These acids interact with Al, Fe, and Ca ions, altering soil
chemistry and promoting favorable conditions for P release (Ekpo et al.,
2016). Furthermore, organic amendments have been linked to improved
plant development and yield in P-deficient soils (Adusei et al., 2017).

Despite these documented benefits, gaps remain in understanding
the specific mechanisms by which compost, particularly from local
biomass sources, transforms P fractions in Ultisol (Pasang et al., 2019;
Gupta et al., 2020; Lukmansyah et al., 2020; Lansari et al., 2018).
Moreover, existing research has not fully explored how different
compost types specifically target Al-P, Fe-P, and Ca-P complexes in
highly weathered soils, nor has it thoroughly assessed whether certain
biomass sources can yield greater P availability for crops. Investigating
how compost disrupts Al-P, Fe-P, and Ca-P complexes will help optimize
its application. Accordingly, this study addresses a critical knowledge
gap: the comparative effectiveness of rice straw vs. corn stover composts
in mobilizing P to support crop productivity in Ultisol. We hypothesize
that corn stover compost, richer in humic and fulvic acids, more effec-
tively mobilizes bound P than rice straw compost, enhancing P avail-
ability and uptake by maize (Zea mays). Thus, this study aims to
elucidate how these composts influence P fractionation and availability
in Ultisol, guiding sustainable soil management in tropical agriculture.

2. Materials and methods

This study was conducted in two phases to evaluate the impact of rice
straw and corn stover composts on P dynamics in Ultisol soil and the
subsequent effects on corn (Zea mays) growth. To ensure data quality, all
experiments were performed in triplicate, and instruments used for
chemical analyses were calibrated against certified reference materials
prior to each measurement. The first phase involved a controlled six-
week laboratory incubation to assess changes in P fractions. The sec-
ond phase was a greenhouse experiment examining corn growth re-
sponses to varying compost rates. All sampling procedures followed
standard sterilization protocols, and each soil or plant sample was
handled in a way to prevent cross-contamination (e.g., using separate,
sterile stainless-steel scoops for each treatment).

2.1. Compost preparation and characterization

Rice straw and corn stover were collected from agricultural fields in
Maros Regency, South Sulawesi, Indonesia. The collected plant residues
were air-dried to reduce moisture content to approximately 15 %.
Composting was conducted following standard aerobic composting
procedures (Stevenson, 1994). All biomass samples were processed in
triplicate batches to cross-verify consistency in compost composition.

2.1.1. Composting process
For each compost type, 500 kg of dried biomass was mixed with cow
manure at a ratio of 3:1 (biomass, w/w) (Paramisparam et al., 2021).
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The mixture was formed into windrows (1.5 m height, 2 m width, 3 m
length). During composting, temperature was recorded with a calibrated
compost thermometer ( + 1°C accuracy), and moisture content was
measured by gravimetric analysis in triplicate samples from different
points in the pile. Moisture content was adjusted to 60 % using deionized
water, and piles were turned every five days to maintain aerobic con-
ditions. The process lasted 60 days with temperature (50°C-60°C) and
moisture monitored regularly (Urra et al., 2019; Kim et al., 2022).
Maturity was determined by temperature stabilization, C/N ratio < 20,
and absence of unpleasant odors (Stevenson, 1994).

2.1.2. Compost analysis

Samples of matured compost were analyzed for pH (1:5 w/v), total N
(Kjeldahl), organic C (Walkley-Black), total P (acid digestion + molyb-
denum blue), K, Ca, Mg, Na (flame photometry, AAS), and humic and
fulvic acids (Stevenson, 1994; Rahmi et al., 2018). Each parameter was
measured in triplicate, and mean values were reported alongside stan-
dard deviations to confirm analytical precision. Where applicable,
blanks and Certified Reference Materials (CRMs) were included in each
batch to ensure data accuracy. Results are shown in Table 1.

2.2. Soil sampling and characterization

Ultisol soil samples were collected from an uncultivated field in
Maros Regency (5°8'52.21" S, 119°33°53.45" E) to ensure minimal prior
fertilizer influence. The site was selected based on its representative
Ultisol properties and accessibility. Soil samples were taken from the top
0-20 cm layer using a soil auger. A composite sample was created by
collecting soil from 10 random points within the field to achieve ho-
mogeneity (Hasbullah et al., 2020). All composite subsamples were then
pooled and thoroughly mixed, and each final composite was split into
triplicates for subsequent analysis to verify data consistency. The sam-
ples were air-dried in the shade to preserve soil properties and passed
through a 2 mm sieve to remove debris.

Initial soil properties were determined to establish a baseline. Each
analysis was conducted in triplicate to ensure methodological reliability,
including soil texture (hydrometer method), pH (1:1 soil-to-water ratio),
organic matter (Walkley-Black method), cation exchange capacity (CEC)
(ammonium acetate method), total nitrogen (Kjeldahl method), avail-
able P (Bray I method), and exchangeable aluminum and iron (extracted
with 1 M KCI and measured by atomic absorption spectrophotometry)
(Gupta et al., 2020).

2.3. Laboratory incubation experiment (Phase I)

A Completely Randomized Design with three treatments and three
replications was used: UO (control, no compost), URC (rice straw
compost, 20 t/ha), UCS (corn stover compost, 20 t/ha). Approximately
6.67 g of compost was thoroughly mixed per kg of soil to achieve the
field-equivalent rate. Each treatment was prepared in separate labeled
pots to prevent cross-contamination, and the mixing procedure was
repeated for all replicates to ensure uniform distribution of compost in

Table 1
Nutritional analysis of the composts prepared in this study.

Parameter (unit) Rice Straw Compost Corn Straw Compost

pH 7.6 7.3
Total N (%) 1.84 2.98
Organic C (%) 18.87 20.57
Total P (%) 0.28 0.56
K (%) 0.86 1.47
Ca (%) 1.25 1.32
Mg (%) 0.60 0.89
Na (%) 1.37 1.67
Humic Acid (ppm) 2181 2278
Fulvic Acid (ppm) 1621 1777
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the soil. Soil moisture was maintained at 60 % field capacity with
deionized water (Sukitprapanon et al., 2021). Pots were covered with
perforated plastic and incubated at 25°C-30°C for six weeks. Weekly soil
samples were collected in triplicate using a sterile stainless-steel scoop,
sealed in labeled bags, and immediately stored at 4°C until laboratory
analysis to minimize potential microbial or chemical alterations.

Soil samples were analyzed to determine total P, P fractions
(including aluminum-bound P, iron-bound P, and calcium-bound P),
available P, and pH. Total P, labeled as P-total, was measured by
digesting soil samples with concentrated sulfuric acid (H2S04) and
hydrogen peroxide (Hz02), followed by colorimetric analysis using the
molybdenum blue method as described by Hasbullah et al. (2020). All
measurements were run alongside blank and standard solutions to
ensure accuracy, and each sample was analyzed in triplicate with rela-
tive standard deviations kept below 5 %. P fractionation was conducted
through a sequential extraction method proposed by Pierzynski (2009).
This process included the extraction of aluminum-bound P (Al-P) using a
0.5 M ammonium fluoride (NH4F) solution at pH 8.2, followed by
iron-bound P (Fe-P) extraction with 0.1 M sodium hydroxide (NaOH)
after Al-P removal, and finally calcium-bound P (Ca-P) extraction with
0.25 M sulfuric acid (H2SO4) following Fe-P extraction. The P concen-
tration in each extract was quantified using UV-VIS spectrophotometry
at a wavelength of 693 nm, as per Pierzynski’s guidelines (2009).
Available P, or P-available, was measured using the Bray I method,
which is suitable for acidic soils, with absorbance read at 882 nm
(Pierzynski, 2009). Soil pH was assessed in a 1:1 soil-to-water suspen-
sion using a calibrated pH meter, following the method by Rahmi et al.
(2018).

2.4. Greenhouse experiment (Phase II)

Based on Phase I results, corn stover compost was selected for the
greenhouse experiment with a Completely Randomized Design: PO
(control), P1 (10 t/ha), P2 (20 t/ha), P3 (30 t/ha). Compost was thor-
oughly mixed at 3.33 g, 6.67 g, and 10 g per kg soil for P1, P2, and P3,
respectively (as shown in Table 2). Each compost rate treatment was
prepared and replicated three times, ensuring that randomization was
maintained to minimize experimental bias. Two seeds of sweet corn (Zea
mays L. var. Gumarang) were sown and thinned to one plant after
germination. Soil moisture was maintained at ~60 % field capacity (Ojo
et al., 2018).

At harvest, which occurred 100 days after planting, several param-
eters were measured to assess soil and plant health as well as crop
performance. The available P in the soil was evaluated by collecting soil
samples, which were then analyzed using the Bray I method as outlined
by Pierzynski (2009). To ensure consistency, soil samples were collected
at multiple points within each pot, combined, and analyzed in triplicate.
P uptake was assessed by collecting plant tissues, including leaves,
stems, and grains, which were oven-dried at 70°C until a constant
weight was achieved. These samples were then ground and digested
with a nitric-perchloric acid mixture, and the P concentration was
subsequently determined colorimetrically using the molybdenum blue
method, following the procedure described by Cui et al. (2019). Addi-
tionally, agronomic parameters, such as ear length, ear diameter, and

Table 2
Treatments applied in the greenhouse experiment.
Treatment  Compost Type Application Rate (t/ Equivalent (g/kg
ha) soil)
PO None (Control) 0 0
P1 Corn Stover 10 3.33
Compost
P2 Corn Stover 20 6.67
Compost
P3 Corn Stover 30 10
Compost
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dry grain weight per ear, were measured to evaluate the impact of
compost on crop performance.

2.5. Statistical analysis

Data were analyzed using SPSS Statistics version 21 (IBM Corp.,
Armonk, NY, USA). An Analysis of Variance (ANOVA) was performed to
assess the significance of treatment effects at p < 0.05 (Hamidi et al.,
2021). Prior to ANOVA, data were checked for normality (Shapiro-Wilk
test) and homogeneity of variance (Levene’s test). Tukey’s Honest Sig-
nificant Difference test was used for post-hoc comparisons when sig-
nificant differences were detected. Additionally, effect sizes were
calculated for significant results to better quantify the practical impact
of the treatments. Correlation and regression analyses were conducted
to examine relationships between compost application rates, P fractions,
and plant growth parameters. Graphs were produced with Microsoft
Excel.

3. Results
3.1. Nutritional content of the prepared composts

The chemical analysis of rice straw compost and corn stover compost
used in this study is presented in Table 1. Both compost types had
slightly alkaline pH levels, with rice straw compost at 7.6 and corn
stover compost at 7.3. Corn stover compost was richer in total P, humic
acids, and fulvic acids, indicating its potentially stronger influence on P
mobilization. These results align with prior findings that link higher
humic and fulvic acid content to enhanced nutrient release in acidic soils
(Ekpo et al., 2016; Graaf et al., 2019). Corn stover compost exhibited
higher concentrations of key nutrients compared to rice straw compost:
nitrogen (2.98 % vs. 1.84 %), organic carbon (20.57 % vs. 18.87 %), and
total P (0.56 % vs. 0.28 %). Potassium, calcium, magnesium, and sodium
were significantly higher in corn stover compost. Moreover, corn stover
compost contained higher levels of humic acid (2278 ppm) and fulvic
acid (1777 ppm), crucial for improving soil properties. Such nutrient
enrichment underscores corn stover compost’s potential for improving
Ultisol fertility, though future research could verify this across broader
soil types. These findings suggest that corn stover compost may have a
greater impact on nutrient dynamics and P availability in Ultisol when
compared to rice straw compost.

3.2. Soil pH dynamics

The application of compost notably influenced the pH levels of
Ultisol during the incubation period, as shown in Fig. 1. Initially, both
compost treatments led to a decline in soil pH within the first two weeks,
indicating increased acidity after adding organic matter. This trend
stabilized in the subsequent weeks, with minimal pH fluctuations
observed until the end of the six-week incubation period. Such a tran-
sient decrease in pH is consistent with other studies that have reported
initial acidification due to organic acid production (Wu et al., 2019;
Chen et al., 2021a, 2021b). The initial decrease in soil pH was likely
attributed to organic acids in the composts, such as humic and fulvic
acids. These acids release protons from their carboxylate, aliphatic, and
phenolic groups, consequently releasing hydrogen ions (H*) into the soil
solution, aligning with research findings by Rahmi et al. (2018), Wu
etal. (2019), and Chen et al. (2021a, 2021b). Fulvic acids, in particular,
played a more substantial role in soil acidity due to their higher carboxyl
group content than humic acids. Fulvic acids’ higher carboxyl group
content likely intensified these early pH shifts. However, because the pH
eventually stabilized, it suggests that Ultisol’s buffering capacity and the
gradual decomposition of organic acids likely mitigated long-term soil
acidification.
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Fig. 1. The soil pH during incubation of ultisol (Control), and its combination
with rice straw (URC, dosed at 20 ta/ha) and corn straw compost (UCS, dosed at
20 ta/ha).

3.3. Total phosphorus dynamics

As shown in Fig. 2, the P-total content in Ultisol decreased steadily
during the six-week incubation period for rice straw and corn stover
compost treatments. Meanwhile, the control group displayed minimal
fluctuations in total P levels. This steady reduction implies that applying
composts likely facilitated the transformation of total P into more labile,
plant-accessible forms. This reduction suggests that the compost appli-
cation supported the conversion of total P into more accessible forms.
The decline observed aligns with organic amendments’ function in
boosting P mobility and availability in soil by stimulating P release from
stable complexes, as reported by Sukitprapanon et al. (2021). These
findings are also consistent with studies indicating that organic acids
from compost enhance P desorption and mineral dissolution in highly
weathered soils (Liu et al., 2018; Tripathy et al., 2021). Nonetheless, a
key limitation of this analysis is that it was confined to a controlled
incubation setting; future field trials could validate these results under
more variable environmental conditions.
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Fig. 2. Total P of ultisol (Control) and its combination with rice straw (URC,
dosed at 20 ta/ha) and corn straw compost (UCS, dosed at 20 ta/ha).
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3.4. Phosphorus forms and plant uptake potential

3.4.1. Aluminum-bound phosphorus

P fractionation analysis revealed a significant decrease in Aluminum-
bound (Al-P) following the application of compost, as depicted in
Fig. 3A. Rice straw compost led to a 20.26 % reduction in Al-P, while
corn stover compost resulted in a more substantial decrease of 35.41 %.
The more pronounced decline observed with corn stover compost un-
derscores the potential importance of its higher humic and fulvic acid
content for breaking Al-P bonds. Such acids bind aluminium ions,
diminishing their ability to form Al-P complexes, consistent with find-
ings by Hiradate et al. (2007) and Yang et al. (2022). The chemical re-
action responsible for this change is shown below. This reaction depicts
the release of phosphate ions into the soil and thus enhancing P acces-
sibility for plants. From a methodological perspective, these fraction-
ation analyses were performed in triplicate with strong reproducibility
(RSD <5 %), indicating robust data quality.

Al(Fe)(H20)3(0H):HzPO4 + Chelate — PO4?" (soluble) + complex Al-
Fe-Chelate

3.4.2. Iron-bound phosphorus

Fig. 3B shows the changes in Fe-bound P (Fe-P) during the incuba-
tion. The reduction in Fe-P was more significant in rice straw compost
(41.82 %) than in corn stover compost (39.07 %). The decrease could be
attributed to the release of P from Fe-P complexes for enhanced plant
uptake, highlighting the advantage of compost in improving the avail-
ability of soil nutrition for plant growth. This finding slightly diverges
from the Al-P reduction results, where corn stover compost was more
effective, suggesting that the specific composition of each compost
might differentially target Fe-bound and Al-bound P pools. Humic and
fulvic acids interacting with iron to create stable organo-metal com-
plexes hindered P re-adsorption, promoting its release into the soil so-
lution (Rahmi et al., 2018; Yang et al., 2022). A strong correlation exists
between compost incubation time and Fe-P reduction, as evidenced by
R? values of 0.7839 for rice straw compost and 0.9197 for corn stover
compost, underscoring the significance of the incubation duration in the
P release process. However, these correlations also imply that a pro-
longed incubation period could lead to further Fe-P reduction, a hy-
pothesis warranting extended studies or field-scale trials.

3.4.3. Calcium-bound phosphorus

Fig. 3C illustrates the changes in Ca-bound P (Ca-P) dynamics post-
compost application. Rice straw and corn stover composts notably
reduced Ca-P levels in Ultisol, with reductions of 60.57 % and 67.35 %,
respectively. These percentages align with Ojo et al. (2018), who re-
ported similar Ca-P dissolution rates in acidic soils amended with
organic substrates. The sharp initial decline during the first two weeks
suggests rapid complexation by organic acids, enhancing Ca-P solubility.
The increased solubility of Ca-P under acidic conditions was amplified
by organic acids in the compost, such as humic and fulvic acids. These
acids chelate calcium ions, facilitating the dissolution of Ca-P (Ojo et al.,
2018). Correlation analyses support this, revealing R? values of 0.99 for
rice straw compost and 0.99 for corn stover compost, indicating
near-perfect linearity between compost application and Ca-P reduction.
Such strong correlations highlight the reliability of the fractionation
approach but also suggest that verifying these findings under field
conditions and over multiple growing seasons would be beneficial for
establishing long-term trends.

3.4.4. Available phosphorus (P-available)

The available P (P-available) content in Ultisol increased markedly
after applying both types of compost, as shown in Fig. 3D. Corn stover
compost led to a tenfold increase in available P, while rice straw
compost increased it by approximately eightfold by the end of the in-
cubation period. This finding corroborates Liu et al. (2018) and Tripathy
et al. (2021), who have emphasized the critical role of organic acids in
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Fig. 3. Changes in (A) Al-P complex, (B) Fe-P complex, (C) Ca-P Comple, and (D) Available P in ultisol (U0) and its combination with rice straw (URC, dosed at 20 ta/

ha) and corn straw compost (UCS, dosed at 20 ta/ha).

mobilizing insoluble P. The notable increase was mainly due to humic
and fulvic acids in the compost facilitating the desorption of P from Al-P,
Fe-P, and Ca-P complexes, thereby improving its availability for plant
uptake. However, a practical limitation of this study is its short incu-
bation duration and controlled environment, which may not fully cap-
ture long-term fluctuations in P-availability under field conditions.
Future research should thus examine larger-scale, multi-season trials
and consider microbial-driven transformations to gain a comprehensive
understanding of how compost continues to influence P-available over
time.

3.5. Plant response and phosphorus uptake

The impact of corn stover compost on P uptake in plant tissues and
corn kernels is demonstrated in Fig. 4. A direct correlation between
compost dosage and P uptake was observed, with the highest absorption
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Fig. 4. Phosphorous absorption in plants and seeds from corn straw compost.

noted at a compost application rate of 30 t/ha. Interestingly, a linear
relationship was identified for P uptake in corn kernels. This suggests
that while increased compost doses generally enhance P availability,
excessive application may shift the soil’s microbial balance, potentially
leading to competition for P and other nutrients.

The improved P uptake can be attributed to the presence of humic
and fulvic acids in the compost. These compounds are known to enhance
P availability by reducing its interactions with metal ions, thus
increasing accessibility to plants (Cui et al., 2019). In line with previous
findings (Liu et al., 2018), such chelation processes can also promote
beneficial microbial activity, creating a more stable soil environment for
nutrient uptake. The chelating properties of these acids aid in releasing
bound P from soil complexes, making it more accessible for plant ab-
sorption. Ultimately, this contributes to enhanced nutrient uptake effi-
ciency and plant growth. Nevertheless, a limitation of this study is the
greenhouse-scale duration, which may not fully replicate field condi-
tions over multiple growing seasons. Future research should explore
extended field trials to confirm these uptake trends in different cropping
systems.

3.6. Effect of corn straw compost dosage

Corn stover compost application significantly impacted corn ear
length and diameter (Fig. 5A). Ear length increased linearly with higher
compost levels (R*> = 0.98), while ear diameter showed a moderate
relationship (R? = 0.61). These enhancements stem from improved P
availability and the positive influence of humic substances on plant
physiology. Such linear and moderate correlations are consistent with
prior studies (Adusei et al., 2017), suggesting that optimal compost rates
may vary based on cultivar-specific nutrient demands.

The enhancements in ear length and diameter were likely due to
increased P availability resulting from the compost application, along
with the positive impacts of humic substances on plant physiological
processes. Studies have demonstrated that humic acids can stimulate
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Fig. 5. The effect of corn straw compost dosage on (A) length and diameter of corn cobs and (B) on dry seed weight per corn cobs.

root development, enhance nutrient absorption, and support greater
biomass production and more robust ear formation. Additionally, the
stimulation of beneficial soil microbes by humic substances may
improve root efficiency and contribute to these observed morphological
gains. These findings are consistent with existing research emphasizing
the role of humic substances in improving plant metabolism and growth
parameters.

Dry grain weight per ear was significantly impacted by varying levels
of corn stover compost application, as depicted in Fig. 5B. A quadratic
relationship was established, with an R? value of 0.97, indicating that
the compost dosage accounted for almost all the variation in grain
weight. The trend suggests that while moderate compost applications
led to substantial increases in grain weight, excessive compost did not
proportionally increase yield, likely due to nutrient competition or other
limiting factors. This aligns with previous findings (Hamidi et al., 2021)
that caution against over-application of organic amendments, as im-
balances can reduce their net benefits.

The high humic and fulvic acid content in corn stover compost
played a crucial role, improving nutrient uptake efficiency and yield.
The rise in dry grain weight per ear was associated with enhanced soil
fertility resulting from compost application, which improved nutrient
availability and fostered optimal plant growth conditions. Moreover,
these conditions can favor the growth of beneficial microbes that further
aid nutrient cycling. The high concentration of humic and fulvic acids in
the corn stover compost played a critical role in boosting nutrient effi-
ciency, thus contributing to higher grain yields. These organic acids not
only increased nutrient availability but also enhanced soil structure and
microbial activity, creating a more favourable environment for plant
growth. Nevertheless, long-term field trials are required to determine
whether these yield improvements persist over successive planting
seasons and under variable climatic conditions.

4. Discussion

This study demonstrates that composts derived from rice straw and
corn stover significantly influence P dynamics in Ultisol, with corn
stover compost showing a notably stronger capacity to mobilize bound P
fractions. The results align with previous research, showing that organic
amendments enhance P bioavailability in acidic soils, including Ultisol,
Oxisol, and Andisol. For instance, a comparative study reported that
compost applications could increase available P by 30-50 % in Ultisol
and Oxisol, but the magnitude of improvement often varies based on
compost composition (Berek et al., 2018). In this case, the superior
performance of corn stover compost likely arises from its higher humic
and fulvic acid content, which more effectively chelates metal ions like
Al, Fe, and Ca, thus enhancing P solubility.

Consistent with prior research, humic and fulvic acids are essential in
improving P availability in acidic soils. These organic acids chelate

metal ions, reducing their interaction with P, which prevents P from
forming insoluble complexes. D¢bicka et al. (2023) and Sofo et al.
(2020) both illustrate how humic acids can increase P bioavailability by
up to 40 % in acidic soils, primarily by forming stable complexes with
metal ions through ligand-exchange reactions. In parallel, our data show
that corn stover compost significantly lowered Al-P, Fe-P, and Ca-P
levels, thereby boosting available P. This reinforces that humic sub-
stances are particularly effective in releasing bound P in these chal-
lenging conditions (Urra et al., 2019).

Furthermore, this study confirms the effectiveness of organic
amendments in supporting crop productivity in nutrient-poor soils like
Ultisol. Enhanced P availability due to corn stover compost corre-
sponded to improved agronomic traits, including greater ear length,
diameter, and grain yield. These improvements illustrate how enhanced
soil fertility and P uptake can translate into tangible yield gains. Similar
benefits have been documented, with compost reducing reliance on
chemical fertilizers, cutting costs, and decreasing environmental pollu-
tion from fertilizer runoff (Paramisparam et al., 2021). Additionally,
compost improves soil structure and water retention, vital for crop
resilience in tropical climates (Kim et al., 2022).

Nevertheless, a key limitation of this study is that it focused on P
availability, organic amendments are also known to contribute to soil
health by adding organic matter and potentially stimulating beneficial
soil microbes, though direct microbial assessments were not performed
here. As a sustainable agricultural practice, composting contributes to
carbon sequestration and supports circular economy principles by con-
verting agricultural waste into valuable soil amendments
(Paramisparam et al., 2021). Using locally available materials, such as
rice straw and corn stover, composting serves as a sustainable waste
management approach that bolsters soil biodiversity, improves nutrient
cycling, and supports long-term agricultural productivity.

Optimal compost application rates are crucial. Moderate applica-
tions of corn stover compost increased P availability and yield, yet over-
application did not yield proportional benefits, suggesting that there is a
threshold beyond which additional compost may induce resource
competition or nutrient imbalances. This finding aligns with research
suggesting that optimal compost application rates vary by soil and crop
type, with overuse leading to diminishing returns and potential imbal-
ances in soil nutrient availability (Hamidi et al., 2021).

Long-term effects of compost application on P dynamics in Ultisol are
another critical consideration. Studies suggest that regular compost
application can result in sustained improvements in soil fertility over
time, with some reporting a 50 % increase in available P after five years
of consistent application (Berek et al., 2018). However, definitive data
on the long-term effects on soil microbial communities and soil structure
remain under-researched, necessitating further study. Research is
needed to determine optimal compost application rates and frequencies
that maximize P availability while ensuring soil health and structure
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stability over time (Dusa, 2023; Hamidi et al., 2021).

This study adds to the evidence that organic amendments are viable,
sustainable soil management practices. By alleviating P deficiencies in
Ultisols, compost boosts crop productivity, essential for food security in
tropical regions. Notably, corn stover compost’s humic and fulvic acids
are key to unlocking recalcitrant P fractions, demonstrating that
compost choice can be tailored to soil conditions for maximum efficacy.
Past studies support the critical role of humic and fulvic acids in
enhancing P uptake, thus fostering robust plant growth (Sofo et al.,
2020; Urra et al., 2019).

Future research should focus on refining organic amendment prac-
tices to address specific soil management challenges in tropical envi-
ronments. For instance, exploring the interactions between compost and
soil microbial communities may offer insights into how compost appli-
cations affect nutrient cycling over the long term. Studies examining the
impact of compost on soil structure, erosion resistance, and carbon
sequestration will also be essential to understand the full benefits pro-
vided by organic amendments (Kim et al., 2022). Additionally, assessing
the comparative effectiveness of different types of organic amendments,
such as compost versus manure, could provide a clearer understanding
of optimal applications for specific soils (Bertici et al., 2022).

Overall, this study reinforces the value of compost in promoting
sustainable agriculture, particularly in resource-limited settings where
reliance on synthetic fertilizer maybe financially or environmentally
unsustainable. Given the wide availability of agricultural residues like
rice straw and corn stover, targeted composting provides an accessible
strategy for enhancing soil P availability, nurturing long-term agricul-
tural productivity and fostering environmental stewardship in tropical
soils. Nonetheless, multi-season field investigations are needed to vali-
date whether the short-term benefits identified here translate into du-
rable gains across diverse cropping systems and climatic conditions.

5. Conclusion

This study illustrates that composts derived from rice straw and corn
stover significantly enhance P availability in Ultisol soils, with corn
stover compost demonstrating greater effectiveness in reducing Al-P, Fe-
P, and Ca-P complexes (up to 67 %) and raising available P levels by
nearly 10-fold. These changes translated into notable improvements in
corn yield, including increases in ear length, diameter, and grain weight.
The elevated humic and fulvic acid content in corn stover compost
facilitated metal ion chelation and thus more effective P release into
plant-accessible forms. Additionally, these findings suggest that compost
derived from locally available agricultural residues offers a cost-
effective and sustainable alternative to chemical fertilizers, benefiting
soil fertility and crop productivity. Nevertheless, the current findings are
based on short-term greenhouse and incubation trials, which may not
fully capture longer-term field-level variations in tropical soils. Future
studies should therefore further assess multi-season impacts on P dy-
namics and identify optimal compost application rates for long-term soil
health and yield in tropical agriculture. Such an approach would provide
deeper insights into microbial community shifts, soil structural changes,
and economic feasibility, ensuring a holistic understanding of compost’s
role in sustainable soil management.
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