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Keywords evaluated the potential of Serayu River sediment from three sites:
gompést . Somagede, Banyumas, Kebasen (Indonesia) as a growing medium for
ORI TH, soybean (Glycine max L. Merril) cultivation. Twelve sediment-based
Sediment valorization media were formulated by combining sediment with compost, zeolite,

Soil amendments

and biochar in different ratios and tested in a completely randomized
Soybean.

design with three replications. The sediments exhibited sandy clay
loam to clay loam textures, neutral pH (7.60—7.66), but low organic
matter (1.69-2.40%) and nutrient contents. Compost amendment
substantially improved media fertility and crop performance, whereas
zeolite and biochar treatments produced moderate responses. The best
results were obtained from compost-amended treatments M3
(sediment: compost = 38:1) and M6 (1:1), which increased plant height
by 17-19%, stem diameter by 61-74%, and filled pod number by 51—
61% compared with the control. Principal component analysis
confirmed that compost treatments consistently clustered within the
high-performance quadrant, demonstrating synergistic effects on
vegetative and reproductive traits. These findings indicate that
compost-enhanced sediment can serve as a sustainable alternative
growing medium, addressing sediment disposal issues and improving
soil fertility for legume production. The study highlights a viable
pathway for circular agriculture and sustainable sediment management
in tropical river basins, with future research recommended to include
heavy metal assessment, multi-season field validation, and biological
inoculation for optimizing nitrogen fixation.

Contribution/Originality: This study provides the first systematic evaluation of Serayu River sediment as a soybean
growing medium, employing multi-location characterization and multivariate analysis to demonstrate that compost
amelioration (sediment:compost 3:1) achieves 68% yield enhancement with economic viability (benefit-cost ratio 4.25),
establishing a novel framework for transforming river sediment waste into productive agricultural resources in tropical
watersheds.
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1. INTRODUCTION

River sediment accumulation is a critical environmental challenge in tropical watersheds, where intensive erosion,
anthropogenic activity, and land-use change contribute to accelerating sedimentation rates that threaten the integrity
of aquatic ecosystems and the sustainability of water resources (Liu, Walling, & He, 2018; Owens, 2020; Reid et al,,
2019). The Serayu River System in Central Java, Indonesia, illustrates this challenge, experiencing severe
sedimentation that reduces reservoir capacity, increases the risk of flooding, and requires high-cost dredging operations
(Barneveld et al., 2025; Thapa et al., 2024). Traditional sediment management approaches including in-area disposal or
discharge into the sea are increasingly unsustainable due to environmental regulations, space constraints, and ever-
increasing costs (Barneveld et al.,, 2025; Sathi, 2022; Thapa et al., 2024). This paradigm encourages researchers to
explore innovative sediment valorization strategies that transform waste materials into productive agricultural
resources, in line with circular economy principles and sustainable development goals.

Recent advances in sediment characterization have revealed promising physico-chemical properties to support
plant cultivation when appropriately modified (Kiani, Raave, Simojoki, Tammeorg, & Tammeorg, 2021; Szara-Bak,
Baran, & Klimkowicz-Pawlas, 2023). River sediments generally exhibit a favorable textural composition (sandy clay to
clayey silt), adequate porosity for root penetration, and neutral pH conditions conducive to nutrient availability (Kiani,
Arzani, & Maibody, 2021; Szara-Bak et al., 2023). However, critical limitations include deficient organic matter content,
suboptimal concentrations of macronutrients (especially nitrogen, phosphorus, and potassium), and varying
microelement profiles that require a targeted soil amelioration strategy (Douglas et al., 2018; Liu et al., 2017; Mao et
al., 2016). Although previous studies have demonstrated the potential of sediments for horticultural applications with
the cultivation of chili peppers (Braga et al., 2017), with sunflower production comprehensive evaluation of the
cultivation of legumes in sediment-based media is still limited, particularly regarding the optimization of organic
ameliorant combinations for nitrogen-fixing plant systems. The selection of appropriate soil ameliorants is a critical
determinant of the performance of sediment-based planting media, with organic ameliorants showing superior efficacy
in overcoming multiple fertility constraints simultaneously (Braga et al., 2024; Mupambwa & Mnkeni, 2018; Singh et
al., 2024). Compost provides a comprehensive nutrient profile, increases cation exchange capacity, improves soil
structure, and stimulates beneficial microbial activity that is essential for nutrient cycling and plant health (Braga et
al., 2024; Mupambwa & Mnkeni, 2018; Singh et al., 2024). Biochar offers long-term carbon sequestration, enhanced
nutrient retention through surface adsorption mechanisms, and improvement of soil physical properties, although the
effects may require an extended establishment period to fully manifest (Ding et al., 2016; Kapoor, Sharma, Kumar, &
Sepehya, 2022). Zeolite contributes to nutrient retention and water-holding capacity through its unique crystalline
structure and high surface area, particularly beneficial on coarse-textured substrates (Ding et al., 2016; Kapoor et al.,
2022). However, systematic comparative evaluation of these ameliorants in sediment-based systems, especially their
interactive effects on legume performance, is still insufficient to guide practical implementation strategies.

Soybeans (Glycine max L. Merrill) are an ideal model crop for sediment-based cultivation systems due to their
moderate environmental tolerances, significant nutritional and economic value, and unique nitrogen fixation
capabilities through symbiotic relationships with Rhizobium bacteria (Ding et al., 2016; Kapoor et al., 2022). The
species' capacity to thrive in suboptimal soil conditions while contributing to soil fertility through biological nitrogen
fixation makes it particularly suitable for marginal land rehabilitation initiatives (Karimuna, Rahni, & Boer, 2016;
Mutammimah, Minardi, & Suryono, 2020). Despite this potential, there have been no comprehensive studies that have
systematically evaluated the Serayu River sediment as a planting medium for soybean cultivation, nor have researchers
optimized ameliorant combinations specifically for legume production in sediment-based systems. This knowledge gap
limits the practical application of sediment valorization strategies and hinders the development of evidence-based
guidelines for sustainable sediment management in agricultural contexts. Therefore, this study aims to: (1)
comprehensively characterize the physicochemical properties of Serayu River sediments from multiple representative
locations, and (2) systematically evaluate the efficacy of various organic and inorganic ameliorants in optimizing the
growth performance and yield of soybeans in sediment-based planting media. In turn, this study addresses the research
gap through an integrated evaluation: (1) physicochemical characterization of Serayu sediment from three locations,
and (2) comparative testing of 12 media formulations (sediment + compost, zeolite, biochar) on soybean growth and
yield. Special attention is given to commonly practiced compost ratios (3:1, 1:1, 1:3) to examine dosage effects on plant
responses.

2. METHODS
2.1. Time and Place

The research was conducted at the Experimental Garden of the Faculty of Agriculture and Fisheries, University
of Muhammadiyah Purwokerto (UMP), located in Karangsari Village, Banyumas, Central Java, with coordinates 7° 28'

651
© 2025 AESS Publications. All Rights Reserved.



Asian Journal of Agriculture and Rural Development, 15(4) 2025: 650-662

56" S and 109° 16' 53" E, at an altitude of 85 meters above sea level. The annual rainfall is 3,612 mm. The research was
carried out from January to April 2025.

2.2. Research Design

This study used a one-factor Complete Random Design (CRD) to evaluate the influence of the composition of the
planting medium with the addition of various ameliorants on the growth and yield of soybean crops (Table 1). Each
treatment was repeated three times, with each test consisting of five test units (polybags), so that the total number of
polybags was 12 treatments X 3 replications X 5 test units = 180 polybags. The dimensions of the polybag used are 40
cm X 40 cm.

Table 1. Treatments tried in planting media research.
Code | Description Code | Description

Mo Planting media from FPP-UMP experimental | M6 M1 composite planting medium: Compost (1:1)
garden (Andosol)

M1 Planting medium derived from Serayu River | M7 M1 composite planting medium: Zeolite (1:1)
sediment (Soil type is alluvial)

Mg Composite planting medium M0: M1 (1:1) Ms M1 composite planting medium: Biochar (1:1)

Ms M1 composite planting medium: Compost (3:1) Mo M1 composite planting medium: Compost (1:3)

M4 M1 composite planting medium: Zeolite (3:1) M10 | M1 composite planting medium: Zeolite (1:3)

Ms M1 composite planting medium: Biochar (8:1) Mi1 M1 composite planting medium: Biochar (1:3)

Note:  The amendment ratios (8:1, 1:1, and 1:3) were selected to represent low, medium, and high levels commonly applied in pot trials. These proportions were
chosen based on previous studies, practical field experience, and relevant literature on growing media formulation.

2.2.1. Research Stages

Collection and preparation of planting media. Serayu River sediments were collected from three different location
points in the Banyumas region, namely: Somagede, Kebasen, and Banyumas (Figure 1). A total of 750 kg of sediment
was taken at a depth of 2—5 cm at each point. The sediment was dried in the sun for 7 days. Each sediment sample was
then taken as 1 kg to analyze the physical and chemical properties of the soil at the Soil Science Laboratory, UGM.
Preparation of planting media involved mixing the dried sediment with compost, zeolite, and biochar according to the
treatment applied (Table 1). The soil or sediment used is fine soil that passes through a 0.25 cm2 sieve. The ready
planting medium was then placed in a polybag as a soybean planting medium. Sowing and planting procedures included
soaking soybean seeds of the Demas I variety in water for 15 minutes to select quality seeds; floating seeds were
discarded. Each polybag was planted with 2—3 seeds manually using tugal in the prepared planting hole. The hole was
covered with soil and watered as needed. Insertion was done 1—2 days after planting (HST) to replace dead or abnormal
plants with reserve seeds. Plant maintenance. Maintenance includes watering twice a day (07:00—09:00 and 16:00—
18:00 WIB) using local water, except when the soil is saturated due to rain. Weeds in polybags are pulled out manually,
while weeds around polybags are hoed every two days. Pest control is carried out by removing pests directly or
applying synthetic pesticides if the attack intensity exceeds 50%. Fertilization is performed according to the following
doses: Urea (0.125 g per polybag at 0 HST and 30 HST), KCI (0.50 g per polybag at 0 HST), and SP36 (0.75 g per
polybag at 0 HST). Harvesting occurs at 86 HST when 95% of the pods are brownish-yellow. The harvest is dried in
the sun and stored in plastic bags labeled according to the treatment.

2.2.2. Observation Variables

The observation variables collected in this study consisted of four components (Table 2). The first component is
the physical properties of the soil, which include soil texture, porosity, soil bulk density, and soil specific gravity. The
chemical properties of the soil include pH, organic matter, nitrogen content, phosphorus content, potassium content,
calcium content, sodium content, salinity (measured as electrical conductivity), cation exchange capacity (CEC), and
magnesium content. The second component is vegetative growth, which comprises plant height, stem diameter,
number of leaves, and leaf area. The third component involves root characteristics and chlorophyll content, including
the number of root nodules, root length, weight of wet roots, weight of dry roots, and chlorophyll content of leaves.
The final component pertains to seed yield and quality, which encompasses the total number of pods, the number of
filled pods, and the weight of seeds per 100 seeds.

Table 2. Variables observed in the planting media research.

Variable (Initial) Measurement method Observation time Unit
(HST)
Soil texture (Text) Triangle of soil texture -
Total dust (TDE) Hydrometer method (Bouyoucus, 1939) - %
Total clay (TLE) Hydrometer method - %
Total sand (TPA) Hydrometer method - %
Soil volume weight (BVT)/bulk density Sample Ring - g cm-3
Soil specific gravity (BJT) Picnometer - g cm-3
Porosity (by) Comparison of BVT and BJT - %
pH (pH) - - -
Organic matter (BO) Wet oxidation - %
652
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Variable (Initial) Measurement method Observation time Unit
(HST)
Total nitrogen content (KN'T) Sulfuric acid destruction (Kjedahl) - %
Total phosphorus content (KF'T) Strong Acid (HC1O4/H2S04) - %
Available phosphorus content (FTS) Olsen (NaHCOs 0.5 N pH 8.5) - Ppm
Total potassium content (KKT) HNOs + HCIOs (Flame Photometer) - %
Available potassium content (KTS) Ammonium Acetate 1 N (pH 7) (Flame - and%
photometer)
Cation exchange capacity (CEC) Number of base conversions (SB) + Al®+ - and%
Conversion
Potassium interchangeable (CADD) Ammonium acetate 1 N (pH 7) (Flame - and%
photometer)
Sodium interchangeable (NADD) Ammonium acetate 1 N (pH 7) (Flame - and%
photometer)
Total magnesium (MGT) AAS (Atomic absorption spectrophotometer) - %
Magnesium available (MGTS) AAS (Atomic Absorption Spectrophotometer) - and%
Electrical transmission power (DHL) Conducttometer (EC meter) - Ms
Plant height (TTA) Measurements with rulers 14, 28, 42 & 56 Cm
Rod diameter (DBA) Measurements with rulers 14, 28, 42 & 56 Cm
Leaf area (LDA) Correction & gravimetric factors 14, 28, 42 & 56 cm2
Number of leaves (JDA) Visual 14, 28, 42 & 56 -
Total root nodules (JBA) Visual 86 -
Root length (PJA) Measurements with rulers 86 Cm
Weight of wet roots (BAB) Digital scales 86 g
Dry root weight (BAK) Digital scales 86 g
Chlorophyll (KKL) UV-VIS spectrophotometry (Susanti, Nasrudin, 42 mg L-1
& Septyrophysia, 2024)
Total number of pods (JPT) Visual 86 -
Number of Fill Pods (JPI) Visual 86 -
Number of seeds (JBI) Visual 86 -
Weight of seeds per 100 grains (B100) Digital scales 86 o

2.2.8. Data Analysis

The physical and chemical properties of the soil are analyzed descriptively (without repetition). One-way ANOVA
analysis at a significance level of 5% was used to assess the significant influence of the treatment on the observed
variables (vegetative growth, root characteristics, chlorophyll content, seed yield, and quality). Parametric assumptions
were checked using the Shapiro-Wilk normality test and the Levene homogeneity test at a significance level of 5%,
respectively.

Data that do not meet the normality assumption are transformed (logarithm of Y or \/Y), while variance
homogeneity is considered met if the p-value exceeds 0.05. If ANOVA indicates significant differences (p < 0.05), a
follow-up test of honest significant difference (HSD) or Tukey's test is performed at a 5% significance level to compare
the mean values between treatments. Results are presented as mean + standard deviation (SD), with different groups
labeled with letters (a, b, c, etc.) based on the BNJ follow-up test. Statistical analysis was conducted using Past 5.2.2
software (Hammer, Harper, & Ryan, 2016)

2.2.4. Data Transparency
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.

3. FINDINGS
3.1. Physicochemical Characteristics of Serayu River Sediment as a Potential Planting Media

An in-depth understanding of the physicochemical properties of sediments is a fundamental prerequisite for
developing effective amelioration strategies for material transformation waste to become a productive planting medium.
A comprehensive characterization of Serayu River sediments from three representative locations Somagede, Banyumas,
and Kebasen was conducted to evaluate the potential baseline and identify nutritional constraints that require
amelioration interventions.

Spatial variations in sediment composition reflect deposition dynamics influenced by hydrogeomorphological
characteristics, land use in catchment areas, and anthropogenic activity along river flows (Buscaroli, Zannoni, & Dinelli,
2021; Hammer, Harper, & Ryan, 2001; Zorzal-Almeida et al., 2018).
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Table 3. The physical and chemical properties of the composite sedimentary soil from three different locations were used in the planting medium

experiment.
Parameters Unit Somagede Sido Paulo Kebasen
Text - Sand clay sand dunes Sand clay sand dunes Clay Squirt
EFT % 20.23 20.32 34.76
TLE % 20.11 20.11 83.99
LANDFILL % 50.82 50.94 24.9%
BVT g cm-3 1.25 1.13 1.10
BJT g cm-3 2.26 1.96 1.92
Por % 44.80 42.62 42.87
pH (H20) - 7.66 7.66 7.60
BO % 1.83 (r) 1.69 (1) 2.40 (s)
KNT % 0.07 0.08 0.07
KFT % 0.07 0.07 0.07
FTS Ppm 7.63 (SR) 8.53 (SR) 7.01 (sr)
KKT % 0.07 0.07 0.07
KTS and% 0.87 (SR) 1.08 (r) 1.07 (r)
CADD and% 5.17 5.29 5.01
NADD and% 0.51 0.64 0.65
CEC and% 23.41 (s) 27.81 (s) 22.16 (s)
MGT % 0.52 0.65 0.47
MGTS and% 2.37 (s) 2.56 (s) 2.45 (s)
DHL Ms 0.10 0.15 0.21
Fertility status - Low Low Low

Remarks: The parameter codes used in this table are described in Table 3. The letters in parentheses indicate the
fertility status of the soil based on PPT (1995), where sr (Very low), r (Low), s (Moderate), t (High), and st (Very high).

Based on the data in Table 3, it can be seen that Compost-amended media, particularly M3 (Sediment: compost
8:1) and M6 (1:1), consistently enhanced soybean vegetative growth and yield components compared to other
treatments (Table 8). These improvements are attributable to the increased supply of organic matter and nutrients, as
well as better soil structure, which are well-documented effects of compost application (Azad, Hossain, Islam, Rahman,
& Kabir, 2021; Iliyasu & Etikan, 2021). In contrast, zeolite and biochar treatments produced only moderate
improvements, likely due to their slower nutrient release and long-term effects that are less visible in a single-season
pot trial (Lehmann et al.,, 2025). Overall, the findings confirm that compost integration is the most immediate and
effective amendment strategy for valorizing river sediment into a productive growing medium for soybean.
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Figure 1. The location of the Serayu River sediment sampling point used in the planting media research.
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The spatial distribution of sampling points (Figure 1) represents the variability of sediment characteristics along
the longitudinal gradient of the Serayu River, from the erosional zone in Somagede to the depositional zone in Kebasen.
The Somagede site, located in the upstream segment, receives sediment inputs from intensive agricultural areas with
coarse-textured and nutrient-depleted characteristics. Banyumas, as a transitional point, shows intermediate
characteristics with slight enrichment in available phosphorus. Kebasen, influenced by the existence of weir
infrastructure, experienced preferential accumulation of fine particles carrying absorbed nutrients, reflected in a
marginal increase in organic matter (2.40%) and improved cation retention capacity.

Comparison with river sediments from other fluvial systems reveals a consistent pattern of nutrient deficiencies.
Braga, Domene, and Gandara (2019) reported similar characteristics in Amazon River sediments, with a content of 3%
organic matter, total nitrogen <4.6 g kg™, and phosphorus available 0.5-0.8 g kg!, albeit with slight superiority in
nutrient content. This similarity indicates that tropical river sediments generally require substantial amelioration
before they can function as productive growing media. The low electrical conductivity (0.10-0.21 mS) confirms the
absence of salinity issues, providing flexibility in the selection of ameliorants without concern for salt accumulation.

The synthesis of physicochemical characteristics indicates that the Serayu River sediment has adequate
foundational properties appropriate texture, neutral pH, absence of salinity, but requires targeted amelioration to
overcome acute nutritional deficiencies, especially in terms of organic matter, nitrogen, and phosphorus. Amelioration
strategies should focus on: (1) increasing the content of organic matter to improve soil structure and nutrient cycling,
(2) macronutrient supplementation to overcome immediate deficiencies, and (8) enhancing cation exchange capacity to
increase long-term nutrient retention (Massawe, Mtei, Munishi, & Ndakidemi, 2016; Stewart, Pierzynski, Middendorf,
& Prasad, 2020; Verma, Singh, Pathania, & Aggarwal, 2019). The understanding of these baseline characteristics is the
foundation for evaluating the effectiveness of various ameliorant combinations in transforming sediment into a
productive planting medium for soybean cultivation. (Di Carlo, Chen, Haynes, Phillips, & Courtney, 2019; Gathagu,
Mourad, & Sang, 2018; Reichert-Nguyen, French, & Slacum, 2016; Ruiz-Compean et al., 2017). The response of
vegetative growth of plants to various media formulations provides an early indication of the success of amelioration
strategies in addressing the nutritional deficiencies that have been identified.

3.2. Vegetative Growth Response to Sediment-Based Media Amelioration

Evaluation of the vegetative growth of soybean plants on various sediment-based planting media formulations
revealed complex temporal dynamics, reflecting the interaction between nutrient availability, physical characteristics
of the medium, and the adaptability of plants to sub-optimal conditions. Intensive monitoring of morphological
parameters during the 56-day vegetative period provides comprehensive insights into the effectiveness of various
amelioration strategies in overcoming growth constraints inherent in sediment-based media. The differential response
of plants to various ameliorant combinations indicates that optimization of media composition requires holistic
consideration of multiple growth-limiting factors, rather than simple nutrient supplementation (Adebayo, Kiani,
Ruotsalainen, Pirttild, & Lehosmaa, 2023). For this, Table 4 presents the dynamics of plant height growth during the
56 days of observation, revealing distinct temporal response patterns between treatments.

Table 4. Plant height at different growth phases.

Planting media TTA14 TTA28 TTA42 TTA56

Mo 10.90 =+ 1.15 AB 15.19 £ 1.72 25.51 £ 4.05 27.28 *+ 4.09 abc
Mi 11.27 £ 0.96 A 14.21 £ 2.41 24.13 £ 4.00 24.90 *+ 4.31 ABC
M2 9.67 £ 0.72 ABC 14.28 £ 2.20 23.80 * 4.52 25.567 + 1.86 ABC
M3 8.67 + 1.35 ABC 14.06 £ 5.22 28.68 £ 6.25 31.83 + 7.20 AB
M4 8.70 £ 0.26 ABC 11.41 £ 1.23 8.47 £ 3.20 21.70 + 3.50 BC
Ms 8.53 + 0.64 ABC 11.15 £ 0.61 19.87 £ 0.57 20.27 £ 1.82 ¢
Me6 777+ 191¢ 14.62 £ 1.71 26.67 = 4.84 32.34 + 3.32 A
M7 9.58 + 0.65 ABC 13.05 + 8.77 25.40 * 3.92 28.43 + 3.06 abc
MsS 8.07 £ 0.76 BC 12.07 £ 1.25 19.90 £ 5.98 20.20 £ 3.29 ¢
Mo 7.23 £ 0.64 ¢ 13.85 + 0.68 22.87 + 2.97 26.78 £ 2.14 abc
M10 8.00 £ 1.11 BC 11.64 £ 1.64 7.87 £ 3.29 22.23 + 1.74 ABC
Mi11 8.37 £ 0.81 ABC 11.25 + 1.26 17.58 £ 1.27 19.40 £ 2.80 ¢

Note:  Different letters within the same column indicate significant differences among treatments according to Duncan’s Multiple Range Test (DMRT) at p < 0.05.

Temporal analysis of plant height growth reveals a dynamic response pattern to the composition of the planting
medium. In the initial establishment phase (14 HST), the soil control Andosol (M0) showed superiority with a height
of 10.90%+1.15 cm, while the compost-based treatments (M3, M6, M9) exhibited an initial growth depression, with
values ranging from 7.23 to 8.67 cm. This phenomenon can be attributed to temporary nitrogen immobilization during
the initial decomposition phase of organic matter, a characteristic common in fresh compost applications (Fan et al,,
2019; Lehrsch, Brown, Lentz, Johnson-Maynard, & Leytem, 2016). However, a dramatic reversal occurred as the
vegetative phase progressed, where at 56 HSTs, the M6 treatment (sediment: compost 1:1) reached a maximum height
of 82.341+8.32 cm, representing a 19% increase over the control, followed by M3 (sediment: compost 3:1) with
81.83%7.20 cm. This transformation of the growth trajectory indicates that after the initial stabilization phase, the
mineralization of organic matter from the compost provides sustained nutrient release that supports exponential
growth. Table 5 presents the corresponding variation in stem diameter observed across the same growth stages. This
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parameter serves as a complementary indicator of vegetative vigor and structural development of the soybean stem
under different media compositions. A consistent trend is observed where compost-amended treatments, particularly
M3 and M6, exhibit thicker stems compared with the control, confirming the positive effect of compost on overall plant
robustness. These results collectively reinforce that compost not only enhances vertical growth but also contributes to
improved stem biomass and mechanical strength during vegetative development.

Table 5. Stem diameters at different growth phases.

Planting media DBA14 DBA28 DBA42 DBA56
Mo 1.67 £ 0.06 1.99 £ 0.07 cd 3.96 + 1.28 4.85 + 0.66 AB
M1 1.80 % 0.04 2.09 * 0.14 bed 4.21 + 1.63 4.63 + 0.85 ab
M2 1.69 + 0.23 2.04 £ 0.31 cd 4.57 £ 2.26 4.82 + 0.23 AB
Ms 1.94 %+ 0.35 2.58 £ 0.55 A 6.95 + 0.76 7.81 £ 1.18 A
M4 1.68 £ 0.16 1.80 £ 0.07d 3.63 £ 0.89 4.48 + 0.39 AB
M5 1.61 £ 0.20 1.79 £ 0.12 d 5.40 £ 3.61 4.45 + 0.42 AB
Mse 1.72 + 0.58 2.89 £ 0.57 AB 5.58 £ 0.99 8.42 £ 1.52 A
M7 1.82 £ 0.46 2.51 £ 0.88 abed 3.57 £ 0.24 5.32 £ 0.90 ABC
Ms 1.64 £ 0.18 1.78 £ 0.27 d 3.03 £ 0.45 4.25 + 0.86 ¢
Mo 1.59 £ 0.06 2.56 £ 0.36 ABC 4.55 £ 0.74 6.71 £ 1.22 BC
Mio 1.48 £ 0.11 1.94 £ 0.15 cd 4.89 £ 2.76 4.49 £ 0.22 ab
Mi1 1.57 £ 0.06 1.61 £ 0.02 d 2.90 £ 0.25 3.94 £ 0.26 ¢

Note:  Means followed by different letters in the same column are significantly different according to Tukey’s HSD test (p < 0.05).

Information: The development of rod diameter, as an indicator of structural strength and vascular capacity, showed
a more pronounced response pattern to media amelioration. The M6 treatment achieved a maximum diameter of
8.42+1.52 mm at 56 HSTs, representing a remarkable 78% increase over controls (4.8520.66 mm), while M3 showed
a 61% increase with a diameter of 7.81+1.18 mm. The consistent superiority of compost-based treatment was observed
since 28 HST, where M6 (2.891£0.57 mm) and M3 (2.53£0.55 mm) were significantly higher than biochar (M5:
1.79£0.12 mm) and zeolite (M4: 1.80£0.07 mm) treatments. Enhanced stem diameter in compost treatment can be
attributed to improved hydraulic conductivity and enhanced cambial activity facilitated by the availability of balanced
nutrients and improved soil water relations (Carmo, Lima, & Silva, 2016; Qasim et al., 2024; Simiele et al., 2022). Table
6 summarizes the temporal variation in leaf number and leaf area index across the sediment-based treatments. These
parameters complement the growth assessment by illustrating the canopy expansion potential that influences
photosynthetic performance and biomass accumulation.

Table 6. Number of leaves at different phases of growth.

Planting media JDA14 JDA28 JD42 JDA56

Mo 4.07 £ 0.83 12.60 + 2.27 abed 22.93 + 3.74 abc 43.88 * 6.58 abc
M1 4.40 £ 0.00 10.40 *+ 1.44 bede 9.00 + 2.80 ¢ 438.47 £ 12.94 abc
M2 3.40 £ 1.11 10.98 + 1.81 abcde 10.40 + 4.92 be 41.27 £ 5.37 abc
Ms 3.40 + 0.60 13.47 + 4.59 a 37.80 + 14.08 a 63.87 £ 8.77 a
M4 3.60 £ 0.87 9.67 + 1.86 bede 7.27+1.50¢ 338.88 £ 5.60 bc
Ms 2.93 + 0.81 7.87+2.47f 15.20 + 3.93 ¢ 29.33 + 4.01 ¢
Me 3.60 £ 1.22 15.18 £ 4.93 abc 36.67 + 14.66 a 60.60 + 17.48 ab
M7 4.67 £ 1.30 11.58 + 1.29 abcde 24.80 + 4.91 abc 42.27 + 5.64 abc
Ms 3.20 £ 1.22 9.00 *+ 0.85 cde 16.60 £ 2.69 ab 35.67 £ 8.16 abc
Mo 3.27 + 0.92 14.20 + 1.56 ab 30.00 *+ 5.89 bc 60.07 + 18.05 ab
Mi10o 2.98 + 0.31 7.13+0.61e 17.78 + 4.69 ab 32.33 £ 5.72 be
Mi1 3.07 £ 0.31 8.33 + 1.03 f 15.93 + 1.3 ab 31.33 + 3.24 ¢
Note:  Values followed by different lowercase letters within the same column indicate significant differences among treatments according to Tukey’s HSD test

(p < 0.05).

Remarks: The treatment code refers to Table 6, while the variable name corresponds to the definition in Table 2.

The average score in the same column with the same lowercase letter did not differ significantly based on Tukey's
follow-up test (BNJ) at a significance level of 0.05. The number of repetitions in the experiment was n = 3. Some data
have been transformed before statistical analysis: inverse square root (1/y2) for variable JDA14, inverse square root
transformation (1/y2) for variables JDA28, JDA42.

The production of leaves as primary photosynthetic organs shows a very sensitive response to nutrient availability
in the planting medium. The M3 treatment yielded the highest number of leaves (63.87+8.77 leaves) at 56 HSTs,
representing a 47% increase over controls (43.83%6.58 leaves), followed by M6 with 60.60£17.48 leaves. A striking
contrast was seen in the treatment of high biochar (M5: 29.3314.01 leaves) and high zeolite (M4: 33.33%5.60 leaves),
which underwent severe leaf production suppression. This pattern indicates that excessive application of non-organic
ameliorants can induce nutrient imbalances or physical constraints that inhibit leaf primordia development. An
interesting pattern can be seen in M9 (sediment: 1:3 compost), which, despite having the highest compost, produces
only 60.071£18.05 leaves, suggesting potential negative effects of excessive organic matter on physical properties of the
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medium or prolonged nitrogen immobilization. The temporal dynamics of leaf production reveal critical phases where
ameliorant effects become most pronounced, with the acceleration phase between 28-42 HST serving as a key
discriminator between successful and unsuccessful treatments. The high variability observed in some high-performing
treatments (M6: £17.48, M9: £18.05) suggests that while these media formulations can support exceptional leaf
production, they may also create conditions where individual plant responses become more heterogeneous due to
localized nutrient hotspots or microenvironmental variations within the growing medium.

Table 7. Leaf area in different growth phases.

Planting media LDA14 LDA28 LD42 LDA56

Mo 5.63 + 1.59 32.50 + 14.72 bed 188.68 £ 27.51 bc 374.83 + 288.70 abc
M1 6.76 = 1.25 24.91 £ 5.32 bed 95.18 + 33.45 ¢ 268.16 + 129.76 abc
M2 4.23 £ 1.75 27.98 + 11.45 bed 126.46 £ 54.19 bc 273.29 + 62.60 abc
Ms 5.77 + 2.44 71.18 + 34.21 ab 346.85 * 146.70 ab 591.00 + 176.60 ab
M4 4.71 £ 1.39 17.99 £ 7.55d 88.55 + 13.04 ¢ 189.95 + 82.97 ¢
Ms 4.87 £ 1.79 14.95 + 4.22 d 58.76 + 13.82 ¢ 139.83 + 32.19 ¢
Me 6.94 *+ 3.13 92.31 + 18.09 a 378.77 £ 63.49 a 640.67 + 146.68 a
M7 6.19 + 1.98 25.88 + 7.31 bed 128.88 *+ 33.33 bc 388.67 * 133.43 abc
Ms 4.07 £ 1.93 20.74 + 4.98 cd 77.67 £ 35.25 ¢ 190.41 % 49.18 bc
Mo 4.64 £ 0.95 51.64 + 8.25 abc 290.85 + 33.16 ab 717.76 + 287.63 a
M1o 3.90 + 1.36 12.61 = 1.29d 62.51 £ 20.73 ¢ 158.87 + 39.61 ¢
Mi1 3.21 £ 0.51 12.71 £ 3.85d 51.91 + 23.73 ¢ 147.00 + 29.90 ¢
Note: Different lowercase letters (a, b, ¢, d) within the same column indicate significant differences among treatments according to Tukey’s Honest Significant

Difference (HSD) test at p < 0.05.

The expansion of total leaf area, an integrative proxy for canopy photosynthetic capacity, was greatest under
compost-amended media, with M9 reaching 717.76 + 287.63 cm? at 56 HST, followed by M6 (640.67 + 146.68 cm?)
and M3 (591.00 = 176.60 cm?). High-biochar treatments (M5, M11) produced markedly smaller canopies (189—147
cm?), indicating stunted leaf expansion (Table 7). This pattern indicates that compost fosters both higher leaf number
and greater individual leaf expansion through improved water status, cell extensibility, and sustained nutrient supply
(Seehausen et al., 2017; Sharma, Saha, Arora, Shah, & Nain, 2017; Wang et al.,, 2025), whereas excessive biochar or
certain mineral amendments may induce pH shifts, micronutrient imbalances, or hydrophobic effects that limit water
uptake and leaf growth. Integrated with other vegetative metrics, these results confirm the clear advantage of
sediment:compost ratios 3:1 (M3) and 1:1 (M6) in rapidly restoring productivity in nutrient-poor sediments via multiple
synergistic mechanisms—immediate nutrient availability, enhanced water retention and aggregate stability, and
stimulation of beneficial soil microbiota—whereas biochar and zeolite appear to act primarily as longer-term
conditioners whose benefits may require aging or field conditioning to materialize (Sdnchez-Monedero et al., 2019;
Séanchez-Monedero, Sanchez-Garcfa, Alburquerque, & Cayuela, 2019).

3.3. Root System Dynamics and Physiological Status of Plants

A comprehensive characterization of root systems and physiological parameters provides critical insights into the
adaptation mechanisms of soybean plants to various sediment-based media formulations, revealing hidden dynamics
that are not always reflected in above-ground growth. The root architecture and symbiotic efficiency of Rhizobium are
fundamental determinants of legume productivity, especially in sub-optimal media conditions where strategic root
deployment and biological nitrogen fixation can compensate for nutrient limitations (Concha & Doerner, 2020; De
Lara-Del Rey & Pérez-Fernandez, 2023). The evaluation of integrated below-ground parameters and physiological
indicators provides a holistic understanding of the plant-soil interactions that underlie differential growth responses
observed in the vegetative phase.

Table 8. Root system parameters and physiological status.

Planting media PJA CHAPTER CONTAINER JBA KKT

Mo 32.60 + 11.98 AB 4.371 + 2.28 AB 1.19 + 0.48 abed 18.53 + 15.99 14.06 + 5.24
M1 28.83 £ 6.76 AB 3.30 £ 2.33 AB 1.18 £ 0.44 abed 8.07 + 7.43 11.79 + 5.43
M2 24.37 + 2.52 AB 2.97 £ 1.75 ab 1.22 + 0.21 abed 9.60 £ 1.59 11.84 + 1.52
M3 33.60 + 1.28 A 6.81 £5.40b 2.12 £ 0.50 ab 13.18 £ 5.71 11.84 + 2.62
M4 16.18 £ 6.99b 1.28 £ 0.20 ¢ 0.53 +0.16 d 2.58 + 1.67 13.45 + 0.67
Ms 18.33 + 3.055 AB 1.74 £ 0.53 ab 0.68 £ 0.14 cd 7,000 £ 5.01 9.19 + 3.08
M6 34.47 £ 21.39 AB 7.567T+£557TA 2.53 £ 1.60 A 6.07 + 3.48 10.26 + 4.10
M7 15.97 £ 2.85 b 1.85 £ 0.45 ab 0.91 £+ 0.130 abced 2.80 + 1.31 8.61 £ 5.59
Ms 22.70 + 3.61 AB 2.95 £ 1.55 AB 1.15 + 0.39 abed 12.87 + 5.63 10.02 + 2.60
M9 24.87 + 8.86 AB 7.61 £3.57A 1.67 £ 0.15 ABC 6.87 + 2.69 10.20 + 0.74
M1o 35.50 + 29.72 AB 1.97 £ 0.47 ab 0.82 + 0.18 bed 3.87 £ 2.70 12.09 + 2.86
Mi11 20.50 £ 2.51 AB 2.33 £ 1.28 AB 0.96 % 0.40 abced 10.27 + 6.27 9.887 £ 2.48

Note:  Different lowercase letters (a, b, ¢, d) within the same column indicate significant differences among treatments according to Tukey’s Honest Significant

Difference (HSD) test at p < 0.05.
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Comprehensive root and physiological measurements indicate that compost-amended media (notably M3 and M6)
promoted balanced root—shoot development and the greatest root biomass, whereas some mineral-rich treatments
produced either excessive root elongation without corresponding shoot growth (e.g., M10, high variability) or strong
root suppression (M4, M5), suggesting nutrient stress or toxicity (Junaidi, Kallenbach, Byrne, & Fonte, 2018; Kiani et
al., 2021). Although control plants sometimes exhibited more nodules numerically, nodulation did not directly translate
into productivity consistent with the distinction between nodule number and nodule effectiveness, while compost
treatments appeared to support fewer but potentially more effective nodules through improved micronutrient and
microbial conditions (Concha & Doerner, 2020; De Lara-Del Rey & Pérez-Fernandez, 2023). Leaf chlorophyll varied
little across treatments, implying maintained basic photosynthetic capacity despite large differences in leaf area and
total photosynthetic surface (Braga et al., 2024), a pattern compatible with the “dilution” effect during rapid canopy
expansion. Overall, these results suggest that compost delivers immediate, multifaceted benefits enhancing nutrient
availability, rhizosphere health, and efficient resource allocation whereas high rates of biochar or zeolite may induce
imbalances (pH, micronutrient availability, or cation competition) that compromise physiological performance;
therefore, successful sediment amelioration must optimize both nutrient supply and biological conditions to translate
below-ground improvements into durable yield gains (Junaidi et al., 2018; Kelly et al., 2022).

3.4. Translation of Vegetative Growth to Productivity: An Analysis of Vield Components

Evaluation of yield components is the definitive parameter to assess the effectiveness of sediment-based media
amelioration in supporting soybean crop productivity. The transition from vegetative vigor to reproductive output
involves a complex allocation of resources that is strongly influenced by nutrient availability and planting media
conditions during the critical phases of pod formation and seed filling (Junaidi et al., 2018; Kelly et al., 2022).

200 a 180
180 ab 160 2 a
160 ]_ 140
140 120
120 abc abe ab
b
£ 100 | abc abe g 100 |2 ’
abc b 5 g0 ab ab ab
80 c . ¢ ab ab
60 [+ c 60 ab b
40 40
20 20 Ij
ot o i el ia it R e N = SR
MO M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M1l MO M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M1l
a b
350 12
a
10 =
300 . 1 l I ]_ 1
250 8
b ab b
o
_ 200 a ab S 5
o ab ab o
150 ab
ab 4
100 ab b
50 2
a a a a a a
R L ——— o=+t L1 Ll 1t fttr it 113t
MO M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 Mil MO M1 M2 M3 M4 M5 M6 M7 M8 M9 MI10 M1l
c d

Figure 2. Components of soybean crop yield.
Note: Caption of Figure 2. The mean (£ standard deviation) of a. The total number of pods; b. Number of filling pods; c. The number of seeds, and d. The weight
of 100 soybean seeds in various planting media treatments.

The treatment code refers to Table 1, while the variable name corresponds to the definition in Table 2. The values
followed by the same letter did not differ significantly based on Tukey's post hoc test (BNJ) at a significance level of
0.05. Number of repetitions: n = 3. The original data had previously undergone a logarithmic transformation [log(y)]
to meet the normality assumptions in statistical analysis (applicable to JPT, JPI, and JBI variables).

Compost-amended media, particularly M3 (3:1) and M6 (1:1), translated vegetative vigor into markedly superior
reproductive performance, with pod filling rates above 89% and seed numbers 51-60% higher than the control, while
biochar-dominated treatments (M5, M11) suffered severe reproductive failure with reductions exceeding 50% (Junaidi
et al,, 2018; Kelly et al., 2022). Importantly, M3 maintained seed size despite increased seed number, resulting in a 68%
yield advantage (2.65 t ha™') over the control, highlighting balanced source—sink relationships. This agronomic gain
corresponds to substantial economic benefits estimated at Rp 10.7 million ha™ additional revenue and a benefit—cost
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ratio of 4.25, demonstrating that compost-based amelioration is not only technically effective but also economically
viable (Bremaghani, 2024; Sanchez-Monedero et al., 2019). These findings underscore the capacity of compost to
optimize nutrient availability, water retention, and soil structure in tandem, thereby transforming river sediments into
sustainable, productive media for soybean cultivation.

3.5. Integrated Multivariate Analysis: Uncovering Holistic Response Patterns

The complexity of the interactions between growth, physiological, and productivity parameters in sediment-based
media systems requires a multidimensional analytical approach to uncover response patterns that are not detected
through conventional univariate analysis. Principal Component Analysis (PCA) provides a robust statistical framework
to reduce data dimensionality while maintaining maximum information about variability between treatments, allowing
for the identification of key gradients that determine the success of amelioration (Duforet-Frebourg, Luu, Laval, Bazin,
& Blum, 2016; Gewers et al.,, 2021; Jolliffe & Cadima, 2016; Kiani et al., 2021). Simultaneous evaluation of 10 key
growth and yield parameters revealed the underlying structure that explains the differential response of soybean plants
to various sediment amelioration strategies.
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Figure 3. PCA scree plot.

Dimensionality reduction of the integrated dataset produced a clear and interpretable ordination: PC1 accounted
for 76.8% of the total variance, and PC2 accounted for an additional 12.8% (cumulative 89.1%), indicating that two
components capture the overwhelming majority of treatment-driven variability (Figure 3). Loadings on PC1 were
dominated by yield and growth variables (Seed number 0.38; filled pods 0.36; leaf area 0.34; height 0.32; root dry weight
0.30), justifying the interpretation of PC1 as an integrated “productivity” axis, whereas PC2 contrasted root
development against reproductive output, reflecting alternative allocation strategies among treatments. Treatment
scores cluster consistently in PCA space: compost-amended media (notably M3, M6, M9) occupy high positive PC1

values, forming a distinct high-performance group, while biochar- and high-zeolite treatments cluster on the negative
side of PC1; controls and sediment-only occupy intermediate positions. Multivariate hypothesis testing
(PERMANOVA; pseudo-F = 12.4, p < 0.001) and pairwise contrasts (compost vs. mineral clusters, t = 4.82, p < 0.001)
statistically validate these separations. Collectively, the PCA results indicate that the primary effect of amelioration
treatments is coherent and unidirectional compost creates a suite of synergistic improvements across physiological,
growth, and yield traits, whereas some mineral amendments induce fragmented or adverse responses and thus provide
a robust, multivariate basis for recommending compost-based strategies for sediment valorization (Bertolini, Royer, &

Pastres, 2021; Brown, Butler, Radford - Smith, & Dwyer, 2022; Miller, Carlile, Phillips, McDuie, & Congdon, 2018).
4. CONCLUSION

This study demonstrates that Serayu River sediment, when appropriately amended, particularly with compost at
8:1 and 1:1 ratios, can be transformed into a productive growing medium for soybean, yielding substantial
improvements in growth, root function, and reproductive output. Beyond the experimental results, the findings have
broader implications: valorizing river sediment through organic amendments aligns with principles of sustainable
agriculture and circular economy by converting a waste stream into a valuable input, reducing pressure on arable land,
and closing local nutrient loops. Such practices can contribute to enhanced smallholder productivity and food security
in areas affected by sedimentation or land degradation. However, translation to practice requires caution: before
widescale adoption, field trials across seasons, monitoring of metal (Loid) contaminants, life-cycle and cost—benefit
assessments, and guidelines for safe sediment sourcing and amendment rates are essential. Policymakers and land
managers could incorporate sediment valorization strategies into integrated watershed and agricultural planning,

659
© 2025 AESS Publications. All Rights Reserved.



Asian Journal of Agriculture and Rural Development, 15(4) 2025: 650-662

pairing sediment reuse with composting programs, farmer training, and targeted subsidies or incentives that promote
circular-economy approaches. Overall, the results support a pragmatic pathway for transforming a sediment
management challenge into an opportunity for sustainable intensification and resilient food systems.
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