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ARTICLE INFO ABSTRACT

Article history: Degraded Ultisol soils are characterized by low fertility, high acidity,
Received: 30 October 2025 and weak nutrient retention, limiting sustainable upland rice
Revised: 15 January 2026 production. This study evaluated the interactive effects of organic
Accepted: 27 January 2026 fertilizer derived from agricultural livestock waste (OF) and arbuscular

mycorrhizal fungi (AMF) inoculation on soil fertility and crop
performance under field conditions. A factorial field experiment (4 x
4) was arranged in a randomized block design to assess OF and AMF
dose interactions, and data were analyzed using two-way ANOVA
and interaction response analysis. The results demonstrated significant
main and interaction effects of OF and AMF on soil chemical properties
and plant growth. The combined treatment OF ., AMF_ produced the
highest increases in soil organic carbon, available phosphorus,
exchangeable base cations (K, Ca, Mg), and root colonization. AMF
inoculation enhanced nutrient uptake efficiency, whereas organic
fertilizer improved soil structure and microbial activity, leading to
complementary nutrient mobilization and mineralization processes.
Grain yield increased consistently under integrated treatments
compared with single-input applications. In conclusion, integrating
organic fertilizer and AMF inoculation effectively improves soil fertility
and upland rice productivity in marginal Ultisol soils and represents a
viable strategy for sustainable soil management in tropical
agroecosystems.
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INTRODUCTION

Rice is a strategic food commodity that
underpins food security across Southeast Asia,
where population growth and dietary
dependence continue to intensify pressure on
agricultural systems. In Indonesia, this
demand has accelerated the expansion of rice
cultivation into marginal dryland environments.
Upland rice (Oryza sativa L.), although
physiologically adapted to rainfed conditions,
often exhibits low productivity due to inherent
soil constraints, including limited nutrient
availability, weak water-holding capacity, and
pronounced soil acidity. These limitations are
particularly evident in Ultisol soils, which
dominate large areas of eastern Indonesia and
are characterized by low pH, low availability
of phosphorus (P) and potassium (K), poor
cation exchange capacity, and reduced
biological activity (Biswal et al., 2021; Sutardi
etal., 2022; Effendi et al., 2023). Such edaphic
constraints significantly restrict nutrient
acquisition and root development, thereby
limiting crop performance and long-term land

productivity.

Conventional intensification strategies relying
heavily on synthetic fertilizers can temporarily
enhance yields but frequently accelerate soil
degradation, nutrient imbalance, and the
decline of soil organic matter and microbial
diversity (Pulungan et al., 2017; Hatfield et
al.,, 2018; Hussain et al., 2023; Lal, 2025).
Sustainable alternatives increasingly emphasize

bio-organic fertilization approaches capable
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of restoring soil ecological functions while
maintaining crop productivity (Wabela et al.,
2024). Organic fertilizers derived from
agricultural and livestock residues contribute
toimproved soil aggregation, enhanced cation
exchange capacity, and gradual nsutrient
release through mineralization processes
(Abdul Haris and Adi Putra, 2022; Heriza et
al., 2024; Wang, 2024). Organic matter also
plays a central role in carbon stabilization and
soil structural resilience (Lehmann and Kleber,
2015; De Goede et al., 2025), supporting
microbial habitats and nutrient retention in

degraded soils.

The effectiveness of organicamendments can
be further strengthened through integration
with functional soil microorganisms. Arbuscular
mycorrhizal fungi (AMF) establish mutualistic
associations with plant roots, extending
extraradical hyphal networks that enhance
nutrient and water acquisition, particularly for
relatively immobile elements such as
phosphorus (Qi et al., 2022; Wu et al., 2022;
Watts Williams et al., 2025). At the
physiological level, AMF regulate nutrient
transporter expression and hormonal
signaling, thereby improving nutrient-use
efficiency and stress tolerance (Ahmed et al.,
2025; Al-Arjani et al., 2020). At the soil scale,
AMF contribute to aggregate stabilization,
carbon protection, and nitrogen retention,
reinforcing long-term soil functional stability
(Basiru et al., 2025; De Goede et al., 2025).

Organic substrates simultaneously provide
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energy sources and favorable microhabitats
that stimulate AMF colonization and microbial
activity (Calderon and Dangi, 2024; Han et al.,
2025a), leading to synergistic improvements
in nutrient cycling and microbial network
stability (Chourasiya et al., 2017; Wang et al.,
2025).

State-of-the-art research consistently
demonstrates that integrating organic
amendments with AMF inoculation enhances
soil fertility, microbial diversity, and crop
nutrient uptake across diverse agroecosystems
(Wabela et al., 2024; Han et al., 2025a).
However, critical gaps remain regarding the
magnitude, stability, and scalability of these
interactions under highly weathered acidic
soils such as Ultisols in tropical dryland
environments. Most existing studies emphasize
single-input responses, pot-scale trials, or
short-term observations, limiting their
relevance for field-based nutrient management
and soil rehabilitation strategies (Arraudah et
al., 2024; Qju et al., 2025). Furthermore,
factorial evaluations quantifying interaction
effects between organic fertilizer dosage and
AMF inoculation intensity on soil chemical
recovery, biological functionality, and crop
productivity remain scarce, particularly for
upland rice systems (Perdani and Nazirah,
2025; Toppo et al., n.d.). The novelty of this
study lies in its field-scale factorial assessment
of bio-organic synergy using organic fertilizer
derived from agricultural livestock waste and

AMF inoculation, explicitly linking dosage

interactions with soil fertility dynamics, root
colonization, and crop performance in

marginal Ultisol ecosystems.

Although several investigations have reported
positive crop responses to combined organic
fertilizer and AMF applications, empirical
evidence for upland rice cultivated under
tropical Ultisol conditions remains limited and
fragmented (Biswal et al., 2021; Effendi et al.,
2023). In addition, interactions between
organic fertilizer rates and AMF inoculation
levels, particularly in relation to nutrient
cycling efficiency and soil functional recovery,
have not been comprehensively quantified
(Arraudah et al., 2024; Sutardi et al., 2022).
Therefore, this study aimed to evaluate the
interactive effects of organicfertilizer derived
from agricultural and livestock waste and
arbuscular mycorrhizal fungiinoculation on soil
fertility indicators, root colonization, and
growth and yield performance of upland rice
cultivated on Ultisol soil. The findings are
expected to provide a scientifically grounded
basis for designing biologically efficient
nutrient management strategies and
accelerating soil rehabilitation in tropical

dryland farming systems.
METHODS

Research Location and Conditions

Field experiments were conducted during the
2025 dry season at the Experimental Field of
Puangrimaggalatung University, Wajo
Regency, South Sulawesi, Indonesia (4°002 S,
120°002 E; 120 m above sea level). The site
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represents a marginal dryland ecosystem
dominated by Ultisol soil, characterized by
acidic reaction, low nutrient availability, and

limited nutrient retention capacity.

Composite soil samples were collected from
the 0—20cm layer prior to treatment application
for baseline characterization. The initial soil
properties were as follows: pH (H,0) 5.04 +
0.05, organiccarbon 1.75 +0.08 percent, total
nitrogen 0.21 + 0.01 percent, available
phosphorus (Bray 1) 10.45 +0.56 mgkg™', and
exchangeable potassium 0.20 + 0.02 cmol
kg', classified as low to very low according
to Indonesian Soil Research Institute
standards. The local climate is tropical
monsoon with annual rainfall of approximately
1,800-2,000 mm, relative humidity ranging
from 75-82 percent, and average daily air
temperatures of 25-33°C.

These site conditions provide a realistic
representation of nutrient-limited dryland
environments and offer a suitable platform for
evaluating the effectiveness of integrated bio-

organic soil management strategies.

Experimental Design and Treatments

The experiment employed a randomized
complete block factorial design (RCBD) to
evaluate the individual and interactive effects
of organic fertilizer (OF) and arbuscular
mycorrhizal fungi (AMF) inoculation on soil
fertility and upland rice performance.

Two experimental factors were tested and

arranged in a 4 x 4 factorial structure, as
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summarized in Table 1 and 2 experimental

factors and dosage levels.

Table 1. Factor A — Organic fertilizer (OF) Applied
based on a recommended rate of 10 t ha™

Application Equivalent dose
Code rate (%) (tha™)
OFo 0 0.0
OF2s 25 2.5
OFso 50 5.0
OFss 75 7.5

Table 2. Factor B — Arbuscular mycorrhizal fungi
(AMF) Applied based on a standard inoculum
dose of 15 g planting hole ™

Application rate Equivalent dose

Code

(%) (g hole™)
AMPFo 0 0.00
AMFs 25 3.75
AMFso 50 7.50
AMF7s 75 11.25

Treatment Structure and Plot Layout factorial
combination of the two factors generated 16
treatment combinations (4 x 4), each replicated
fourtimes, resulting in a total of 64 experimental
plots. Each plot measured 4 m x 5 m (20 m?)
with plant spacing of 25 cm x 25 cm. The upland
rice cultivar Inpago 8 was selected due to its
proven drought tolerance and yield stability
under marginal dryland environments. Plots
within each block were randomly assigned to
minimize spatial bias. Buffer zones were
established between plots to reduce treatment
interference and potential microbial cross-
contamination. Organicfertilizer wasincorporated
uniformly into the topsoil layer (0—20 cm) one
week prior to planting to allow initial
mineralization and soil stabilization. AMF
inoculum was applied directly into the planting

hole at sowing to ensure early root—fungal
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contact and effective colonization. The
experiment was conducted under rainfed
conditions without supplementary irrigation
to simulate realistic upland rice cultivation
systems. Standard agronomic practices,
including manual weed control, pest
management, and plot sanitation, were
applied consistently across all treatments to

avoid management bias.

Characterization of Organic Fertilizer and
AMF Inoculum

The organic fertilizer was produced from
composted agricultural residues and livestock
manure and characterized prior to field
application for pH, electrical conductivity,
organic carbon, total nitrogen, C/N ratio, total
P and K, exchangeable base cations (Ca and
Mg), moisture content, bulk density, and

maturity indicators.

The AMF inoculum consisted of a local
consortium dominated by Glomus sp. and
Acaulospora sp. Inoculum quality was
evaluated based on substrate chemical
properties, spore density, spore viability

(tetrazolium staining), and root colonization
potential using maize as a trap host. These
parameters ensured biological viability and
functional effectiveness prior to field

deployment.

Measurement of Soil and Plant Response
Variables

Measured variables were grouped into soil
chemical, biological, and plant performance
indicators. Soil samples were collected from
the 0-20 cm layer at harvest. Root samples
were stained and analyzed for mycorrhizal
colonization using the gridline intersection
method. Plant measurements were obtained
from ten randomly selected plants per plot.
Grain yield was adjusted to 14 percent

moisture content.

Mycorrhizal colonization using the gridline
intersection method. Plant measurements
were obtained from ten randomly selected
plants per plot. Grain yield was adjusted to
14 percent moisture content summary of
measured soil, biological, and plant response
variables (Table 3).

Table 3. Summary of measured soil, biological, and plant response variables

Indicator group Variable Unit Method Timing

Soil chemical Soil organic carbon % Walkley—Black Harvest
Available P (Bray II) mg kg™’ Spectrophotometry Harvest
Exchangeable K, Ca, Mg cmol kg™ NH,OAc + AAS Harvest
Soil pH (H,0) - Glass electrode (1:2.5) Harvest

Biological Root colonization % Gridline intersection Mid-season & harvest
Spore density spores g’ Wet sieving Harvest

Plant performance  Plant height cm Direct measurement Maturity
Aboveground biomass g plant™ Oven-dry (70°C) Harvest
Grain yield g plot™ Moisture corrected (14%) Harvest

Notes: SOC = soil organic carbon; AAS = atomic absorption

spectrophotometry; MC = moisture content.
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Composite soil samples were collected from
each plot at harvest from the 0—20 cm depth
after removing surface residues. Samples
were air-dried, sieved (2 mm), and analyzed
for soil organic carbon, available phosphorus,
exchangeable bases (K, Ca, Mg), and soil pH
following standard laboratory protocols. These
parameters represent the core indicators of
soil fertility recovery and nutrient cycling
efficiency in degraded Ultisol systems. Root
samples were collected from representative
plants in each plot and cleared using KOH
solution, followed by staining with trypan blue.
Mycorrhizal colonization percentage was
guantified using the gridline intersection
method under a compound microscope. Spore
density in rhizosphere soil was determined
using the wet sieving and decanting technique,
allowing evaluation of AMF propagule
dynamics and biological persistence under
different treatments. Plant height was
measured at physiological maturity from the
soil surface to the highest panicle tip.
Aboveground biomass was harvested, oven-
dried at 70°C until constant weight, and
expressed on a per-plant basis. Grain yield
was recorded at harvest from each plot and
adjusted to 14 percent moisture content to
ensure comparability across treatments and

alignment with agronomic reporting standards.
Statistical Analysis

All measured variables were subjected to two-
way factorial analysis of variance (ANOVA) to

assess the main effects of organic fertilizer
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(OF), AMF inoculation, and their interaction.
Prior to analysis, data were tested for normality
(Shapiro—Wilk test) and homogeneity of variance
(Levene’s test). When significant treatment
effects were detected, mean comparisons were
performed using Duncan’s Multiple Range Test
(DMRT) at a significance level of p < 0.05.
Statistical analyses were conducted using
SPSS Statistics version 26.0 (IBM Corp., Armonk,
NY, USA). Graphical visualization was prepared
using OriginPro 2023.

RESULTS AND DISCUSSIONS

The Ultisol soil used has a low pH, limited
organic carbon and CEC, and low base
saturation characteristics of degraded soils in
tropical regions. However, these conditions
provide an ideal basis for testing the
effectiveness of the bio-organic approach.
Organic fertilizer application improves soil
physical and chemical properties, while AMF
inoculation increases nutrient availability
through symbiotic biological mechanisms.

The AMF inoculum used demonstrated high
biological quality, with spore density and
viability above 90 percent, and root
colonization capacity above 85 percent,
indicating the potential for highly effective
inoculum application. A balanced nutrient
contentin the inoculum medium plays a crucial
role in maintaining the survival and activity of
mycorrhizal hyphae, as also reported by
(Wang et al., 2025; Zhou et al., 2024).

Theresults of the factorial design demonstrated
asignificant interaction between OF and AMF,
particularly in the OF  AMF_  treatment,
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which resulted in maximum increases in
nutrient availability, microbial activity, and
plant growth. This synergistic effect arises
from the complementary mechanisms
between organic matter mineralization and
nutrient mobilization by AMF. Organic matter
provides readily biodegradable carbon and
organic acids that solubilize nutrients, while
AMF expands the root uptake range,

increasing uptake efficiency.

Consistent with the findings of (Elfiati et al.,
2025; Kamel et al, 2023; Tilman et al., 2002),
this integration can increase nutrient cycling
efficiency, improve soil structure, and maintain
long-term soil ecosystem health. The
observed increases in upland rice growth and
yield demonstrate the importance of
combining biological symbiosis and organic
nutrient management as a sustainable
agroecological approach. In general, this study
confirms that the integration of organic
fertilizer and arbuscular mycorrhiza (AMF) is
an effective bio-agroecological innovation to
restore Ultisol soil fertility, increase nutrient
efficiency, and support the resilience of food
crop production in tropical drylands in a

sustainable manner.

Physicochemical Characterization of Organic
Matter

The physicochemical characterization of the
organic amendments (Figure 1; Table 4) was
intentionally focused on parameters directly
governing nutrient release dynamics, microbial

stimulation, and soil structural improvement,

rather than merely descriptive properties.
Compost and cattle manure exhibited
moderate organic carbon content (approximately
45%) with a balanced C/N ratio (~36), indicating
stabilized organic matter capable of gradual
mineralization and sustained microbial activity.
These characteristics are critical forimproving
aggregate stability, enhancing cation exchange
capacity, and providing a persistent carbon
source for soil microbial communities in

degraded Ultisols.

In contrast, poultry manure displayed higher
concentrations of readily mineralizable
nitrogen and potassium, reflecting rapid
decomposition potential and short-term
nutrient supply capacity. Such labile nutrient
fractions accelerate early plant nutrient
availability and stimulate microbial respiration.
Similar responses have been reported in
tropical systems where poultry-based organic
amendments significantly increased nutrient
turnover and soil enzymatic activity (Elfiati et
al., 2025; Tilman et al., 2002). The coexistence
of stabilized carbon pools and fast-releasing
nutrients creates a complementary substrate
environment that supports both immediate
crop demand and long-term soil quality
improvement. These functional attributes
justify the selection of mixed organic inputs
as an effective bio-organic strategy for
restoring fertility in highly weathered soils.

The composted mixture exhibited moderate
nutrient content and neutral pH, indicating

complete stabilization and safe use for soil
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Table 4. Physico-chemical characteristics of the organic amendments (mean + SD, n = 3)

Parameter Unit Value Method/Remarks
pH (H;0, 1:2.5) - 7.23 Glass electrode method
Electrical conductivity (EC) dSm™' 2.14 Conductivity meter
Organic C % 45.0 Walkley—Black oxidation
Total N % 1.25 Kjeldahl digestion
C/N ratio - 36.0 Calculated (C+ N)
Total P,Os % 0.42 Spectrophotometry (Bray Il extract)
Total K,0 % 0.85 Flame photometry
Ca % 1.32 Atomic absorption spectrophotometry (AAS)
Mg % 0.38 AAS method
Moisture content % 28.5 Oven dry at 105°C
Bulk density gcm™ 0.58 Core method

Organic matter maturity -

Stable, no odor

Temperature <35°C, dark brown color

The composted mixture exhibited moderate
nutrient content and neutral pH, indicating
complete stabilization and safe use for soil
application. The C/N ratio of 36 reflected
sufficient decomposition, while the relatively
high organic carbon (45%) confirmed its
potential to improve soil structure and
microbial habitat. The low bulk density (0.58
g cm{ 3) suggested good porosity, supporting
aeration and root development attributes
essential for the enhancement of soil fertility
in Ultisol conditions.

Physicochemical characteristics of the
experimental soil (Ultisol before treatment)

Initial soil characterization (Figure 2; Table 5)
confirmed that the experimental site was
dominated by a strongly weathered Ultisol
with acidic reaction (pH 5.04), low organic
carbon content (1.75%), low cation exchange
capacity (13.4 cmol(+) kg™'), and limited
availability of phosphorus and exchangeable

base cations. These physicochemical
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constraints severely restrict nutrient retention,
root proliferation, and microbial activity,
thereby limiting the productive capacity of

upland rice under dryland conditions.

Although the clay loam texture provided
moderate water-holding capacity, low base
saturation (34.2%) and weak buffering
capacity indicated high susceptibility to
nutrient leaching and aluminum toxicity. Such
soil conditions represent a typical bottleneck
for sustainable upland rice cultivation across
tropical drylands. These baseline limitations
justify the application of integrated bio-
organicamendments aimed at simultaneously
enhancing nutrient availability, biological
activity, and soil structural stability.

The Ultisol soil exhibited acidic reaction (pH
5.04), low base saturation, and poor nutrient
availability (particularly P and K), indicating a
highly weathered and leached soil profile. The
low organic carbon (1.75%) and CEC (13.4

cmol(+)/kg) reflected limited capacity to retain
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Table 5. Physico-chemical characteristics of the experimental soil (Ultisol before treatment)

Parameter Unit Value Fertility class* Method/Reference

Soil texture - Clay loam - Hydrometer method
Sand % 324 - Pipette method

Silt % 24.8 - Pipette method

Clay % 42.8 - Pipette method

Bulk density gcm™3 1.32 Moderate Core sampling

pH (H,0, 1:2.5) - 5.04 Acidic Glass electrode
Electrical conductivity (EC) dSm™ 0.42 Low Conductivity meter
Organic C % 1.75 Low Walkley—Black oxidation
Total N % 0.21 Low Kjeldahl digestion

C/N ratio - 8.3 Balanced Calculated

Available P (Bray Il) ppm 10.45 Low Spectrophotometry
Exchangeable K me 100g™"  0.20 Low Ammonium acetate extraction
Exchangeable Ca me 100g™"  1.25 Low AAS

Exchangeable Mg me 100g™"  0.65 Moderate AAS

Cation exchange capacity (CEC) cmol(+) kg™ 13.4 Low NH4OAc pH 7.0

Base saturation % 34.2 Low Calculated

Available moisture content % 221 Moderate Pressure plate method

Notes: Soil fertility classes were interpreted according to the Indonesian Soil Research Institute standards.

nutrients, while the clay loam texture provided
moderate water-holding ability.

These characteristics justify the selection of
organic fertilizer and AMF inoculation as
promising interventions to restore fertility and
improve nutrient cycling in this degraded dryland
soil (Lal, 2025; Lehmann and Kleber, 2015).

Chemical composition and spore density of
AMF inoculum

The AMF inoculum exhibited high biological
quality, characterized by near-neutral pH
(6.72), moderate electrical conductivity,
elevated spore density (82 spores g '), spore
viability exceeding 93 percent, and
colonization potential above 85 percent
(Figure 3; Table 6). These parameters are
directly associated with inoculum effectiveness

in establishing early root colonization and

sustaining hyphal activity during crop
establishment.

Balanced organic carbon content and a
moderate C/N ratio (~27) within the carrier
substrate supported hyphal metabolic activity
and ensured rapid symbiotic establishment
following soil application. High spore viability
and colonization capacity confirmed that the
local Glomus sp. and Acaulospora sp.
consortium functioned as an active biological
agent rather than merely a passive soil
amendment. Comparable relationships
between inoculum quality and nutrient
acquisition efficiency have been widely
reported in tropical agroecosystems (Han et
al., 2025; Ahmed et al., 2025), supporting the
functional reliability of the inoculum used in
this study.
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Table 6. Chemical composition and spore density of the arbuscular mycorrhizal fungi (AMF) inoculum

Parameter Unit Value Remarks / Method
pH (H20, 1:2.5) - 6.72 Near neutral, optimal for AMF survival
Electrical conductivity (EC) dSm™ 1.35 Moderate salt level
Organic C % 22.8 Walkley—Black oxidation
Total N % 0.84 Kjeldahl digestion
C/N ratio - 27.1 Indicates mature substrate
Available P mg kg™ 68.2 Bray Il extraction
Exchangeable K me 100g™ 0.42 NH4OAc extraction
Exchangeable Ca me 100g™ 2.45 AAS method
Exchangeable Mg me 100g™ 1.10 AAS method

Spore density (Glomus sp. + Acaulospora sp.) spores g~ substrate 82.4 Mean of triplicate samples

Spore viability %

Mycorrhizal colonization potential %

93.6 Tetrazolium staining

85.2 Gridline intersection method (on maize host)

The AMF inoculum exhibited a neutral pH
(6.72) and moderate nutrient status, suitable
for supporting fungal survival and root
colonization. The spore density (82 spores g')
and high viability (93.6%) indicate excellent
inoculum quality. The colonization potential
of 85 percent on maize host roots confirms
the effectiveness of the local Glomus sp. and
Acaulospora sp. consortium as a biofertilizer
component. These properties ensure that the
inoculum could maintain spore viability during
storage and field application, while its
nutrient-rich substrate provided a favorable
environment for early symbiotic establishment.

The effect of interaction between organic
fertilizer and AMF on soil fertility and plant
performance

Factorial analysis revealed a significant
interaction between organic fertilizer (OF) and
AMF inoculation on soil fertility indicators and
upland rice performance (Table 7; Figure 3).
Among all treatment combinations, OF,,
AMF_  consistently produced the highest
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improvements in soil organic carbon, available
phosphorus, exchangeable cations (K, Ca,
Mg), root colonization, plant height, and grain
yield relative to the control and single-input
treatments.

Moderate application rates optimized carbon
availability for microbial metabolism without
inducing nutrient immobilization or osmotic
stress. Organic fertilizer alone enhanced soil
structure, microbial biomass, and nutrient
buffering capacity, whereas AMF inoculation
alone improved nutrient uptake efficiency
through expanded extraradical hyphal
networks. However, their combined application
at balanced doses maximized both nutrient
supply and biological assimilation efficiency,
generating a nonlinear synergistic response
rather than a simple additive effect.

The observed synergistic response originates
from complementary biogeochemical
mechanisms operating at the rhizosphere soil
interface. Organic matter mineralization

releases low-molecular-weight organic acids
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Table 7. Interaction effects between organic fertilizer (OF) and AMF inoculation on soil fertility and
upland rice performance (mean + SD, n = 3)

Treatment F::f:l‘i:iecr InocAl.:\IAaiion Soil Organic  Available P Exchangeable K Root Plant Grain Yield
Code (%) %) C (%) (mg kg™) (cmol kg™) Colonization (%) Height (cm) (g pot™)

OFoAMFo 0 0 1.02 £ 0.04¢ 8.3+0.7¢ 0.21+0.03¢ 12.5+1.44 61.8+3.5¢ 143+1.2¢
OF25sAMFo 25 0 1.45 £ 0.06° 129+1.1° 0.32 +0.02¢ 17.4 £2.3° 73.1+3.8° 19.6+1.5¢
OFs0AMFo 50 0 1.72 £0.09%¢  15.6 + 1.4°¢ 0.36 + 0.04"¢ 19.3+2.1° 79.4+ 4.2 21.8+1.9%
OF75AMFo 75 0 1.88+0.11° 18.1+1.5° 0.38 +0.03"° 22.1+2.6° 82.5+4.5° 235+1.8°
OFoAMF;s 0 25 1.20£0.05¢  10.8 +1.0%¢ 0.28 +0.02¢¢ 24.7 +3.1b¢ 68.2+3.7¢¢ 17.2+1.4%
OFoAMFso 0 50 1.29 +£0.07<¢ 11.9+1.2° 0.30 +0.03<¢ 29.5 + 3.6°¢ 71.3+3.9% 18.1+1.5
OFoAMF75 0 75 1.36 £ 0.08° 12.4+1.1° 0.31 +0.02¢ 33.2+3.4° 74.0+4.0° 19.0+1.6°
OF25AMF3s 25 25 1.64 £0.09%¢ 16.8 + 1.3 0.34 +0.03"¢ 36.9+4.1° 81.2+4.3> 224+1.8°
OFs0AMFso 50 50 2.08 £0.10* 20.5+1.5* 0.42 £ 0.03* 49.7 +4.8° 90.8+4.7° 26.8+2.1?
OF75AMFs 75 75 2.00£0.11®* 19.4+1.6%° 0.40 £ 0.03** 46.3 £ 4.5%° 87.5+4.5%® 257+19%
Notes:

o Values represent mean * standard deviation (n = 3).

o Different superscript letters (a—d) indicate significant differences among treatments according to Duncan’s Multiple Range

Test (p < 0.05).

o SOC = soil organic carbon; P = available phosphorus; K = exchangeable potassium.
o Root colonization measured as percentage of AMF-infected root length.

that increase phosphorus solubility, stimulate
microbial respiration, and promote enzymatic
activity. Concurrently, AMF hyphae expand the
effective absorptive surface area beyond the
depletion zone of roots, facilitating efficient
nutrient capture and internal translocation to
host plants. This dual mechanism enhances
nutrient cycling efficiency while stabilizing soil
carbon through improved aggregation and
microbial-mediated protection (De Goede et
al., 2025; Lehmann and Kleber, 2015).

The scientific novelty of this study lies in
guantitatively identifying a biologically optimal
synergy threshold (OF,  AMF_; ) under tropical
Ultisol conditions, demonstrating that
maximal ecosystem efficiency occurs at
moderate input levels rather than maximum
dosage. This finding advances current bio-
organic fertilization paradigms by shifting

management strategies from input

intensification toward biological optimization,
resilience enhancement, and carbon-efficient

nutrient cycling.

From an applied perspective, integrating 50%
of the recommended organic fertilizer rate
with 50 percent AMF inoculum represents a
technically feasible, economically efficient,
and environmentally sustainable management
strategy for upland rice cultivation on marginal
Ultisols. This combination reduces dependency
on synthetic fertilizers, enhances nutrient-use
efficiency, improves soil organic carbon
stability, and strengthens crop tolerance to
moisture and nutrient stress under dryland

conditions.

Utilization of locally available agricultural and
livestock waste supports circular nutrient
management while lowering production costs
for smallholder farmers. The proposed bio-
organic strategy provides a scalable pathway

191



AGRIC Vol. 37, No. 2, December 2025: 181-198

for rehabilitating degraded dryland soils while
maintaining long-term soil health, productivity

stability, and agroecosystem resilience.

Treatment with moderate doses of both

fertilizers, particularly OF, AMF, , resulted in

50’
the highest increase in soil organic C and
nutrient retention compared to the control (OF,
AMEF ). This synergistic response indicates
that organic fertilizer not only provides a
gradually released nutrient source but also
creates a microenvironment that supports
mycorrhizal colonization and activity. A similar
pattern was also reported by (Han et al.,
2025b; Kamel et al, 2023) who found that a

balanced combination of organic matter and

AMF improved soil biochemical properties by
stimulating microbial respiration and soil

enzyme production.

From a plant perspective, this treatment
combination also increased root biomass,
mycorrhizal colonization percentage, and
nutrient uptake efficiency, leading to increased
vegetative growth and grain yield of upland
rice. AMF inoculation alone (AMF,_-_.)
increased P and N uptake by expanding the
hyphal reach beyond the root zone, while

organicfertilizer alone (OF, -_.) improved soil

50 75
structure and biological activity. However, the
combination of both (OF,  AMF, ) showed an

optimal synergistic effect, where nutrient

W/est East

OF oamr, | OFsamr,| OFsom | OF samr | OF 755 | OF smp | OF M, | OFoamrs
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Figure 1. Foto Layout of experimental plots in the field (64 plots with random blocks, treatment code labels,
and west—east direction). A. Aphis glycines; 1. Physico-chemical characteristics of the organic amendments; 2.
Physico-chemical characteristics of the experimental soil (Ultisol before treatment); 3. Chemical composition
and spore density of the arbuscular mycorrhizal fungi (AMF) inoculum.
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availability and symbiosis efficiency increased

simultaneously.

This synergy occurs due to the mutual
reinforcement between organic matter
mineralization and nutrient mobilization
mediated by AMF. Organic matter stimulates
soil microbial activity, producing organic acids,
increasing P solubility, while AMF expands the
root absorption area, resulting in more
efficient nutrient uptake. This complementary
mechanism aligns with the research findings
of (Kamel et al, 2023; Tilman et al., 2002),
which emphasize the importance of integrating
organic matter and mycorrhizae as an
ecological strategy to increase nutrient

efficiency in tropical soils.

Overall, the factorial results indicate that the
combined application of organic fertilizer and
AMF, particularly at moderate doses (50%
each), isan optimal bio-organic management
strategy for improving nutrient efficiency, soil
health, and crop productivity in degraded
Ultisol soils.

CONCLUSIONS AND RECOMMENDATION

This study demonstrates that the integration
of organic fertilizer derived from agricultural
livestock waste and arbuscular mycorrhizal
fungi (AMF) inoculation provides a robust bio-
organicstrategy forimproving soil fertility and
upland rice performance on degraded Ultisol
soils. Among all treatment combinations, the
OF, AMF_ treatment consistently emerged

as the most effective, producing the highest

increases in soil organic carbon, available
phosphorus, exchangeable base cations, root
colonization, plant growth, and grain yield.
This confirms that optimal biological synergy
is achieved at moderate input levels, rather

than through maximum application rates.

The superior performance of the OF,  AMF_|
combinationis attributed to the complementary
interaction between organic matter
mineralization and AMF-mediated nutrient
mobilization. Organic fertilizer enhances soil
structure, microbial activity, and nutrient
buffering capacity, while AMF inoculation
improves nutrient uptake efficiency through
expanded hyphal networks. Together, these
mechanisms improve nutrient cycling
efficiency, stabilize soil organic matter, and
strengthen plant physiological performance
under dryland conditions.

From a practical standpoint, this study
recommends the application of approximately
50% of the locally available organic fertilizer
rate combined with 50% AMF inoculum as an
efficient and sustainable input package for
upland rice cultivation on Ultisol soils. This bio-
organic combination offers a realistic, low-cost
alternative to intensive chemical fertilization
by utilizing on-farm organic residues, reducing
external input dependency, and enhancing

long-term soil health.

Overall, the findings provide strong empirical
evidence that integrating moderate doses of
organic fertilizer and AMF inoculation
represents a viable agroecological pathway
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for restoring soil fertility, improving nutrient-

use efficiency, and sustaining upland rice

productivity in tropical dryland agroecosystems.
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