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Abstract. Sago (Metroxylon sagu Rottb.) is an important tropical starch-producing palm with substantial potential 

to support food security and climate-resilient agriculture in Indonesia. However, sago-processing activities generate 

large quantities of lignocellulosic residues that are commonly discarded without proper utilization, thereby 

contributing to environmental pollution and biomass waste accumulation. This study evaluated the 

physicochemical characteristics of sago waste-derived biochar and compost and assessed their effectiveness as 

planting media amendments for improving sago seedling establishment during acclimatization. Biochar was 

produced through slow pyrolysis of sago bark residues at 300–500°C, whereas compost was prepared from sago 

pulp through controlled microbial fermentation. Chemical composition was analyzed using X-ray fluorescence 

(XRF), while microstructural characteristics and elemental composition were evaluated using scanning electron 

microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDX). XRF analysis revealed that sago 

pulp compost contained high silica concentrations (40.50%), whereas sago pith was enriched with potassium 

(25.63%) and calcium (27.07%). SEM observations revealed highly porous biochar structures with dominant 

carbon content ranging from 89.35% to 94.42%, indicating favorable properties for water retention and nutrient 

adsorption. Agronomic evaluation showed that the application of 300 g biochar + 300 g pith + 300 g compost 

significantly increased seedling survival to 96.43% at 12 weeks after application compared with the untreated 

control (P ≤ 0.05). To the best of our knowledge, this is the first study to integrate the physicochemical 

characterization of sago-processing residues (biochar and compost) with an accession-based agronomic evaluation 

of seedling survival, thereby linking waste valorization to nursery performance in M. sagu. The findings 

demonstrate that sago-processing residues can be converted into effective organic amendments and provide a 

mechanistic, evidence-based basis for circular biomass utilization in tropical nursery systems. 
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1. Introduction 

Global food security is currently facing 

major challenges due to climate change, land 

degradation, and declining productivity of 

staple food crops in marginal environments 

(Mardiatmoko et al., 2025; Alhaqi, 2024). 

Under these conditions, alternative 

carbohydrate-producing crops with high 

adaptive capacity are becoming increasingly 

important for supporting future food systems. 

Sago (Metroxylon sagu Rottb.) is recognized 

as one of the most resilient tropical starch-

producing crops because of its ability to 

thrive under flooded, acidic, and nutrient-

poor conditions where conventional crops 

such as rice and maize often exhibit limited 
productivity (Osaki et al., 2024). Indonesia 

possesses the largest sago resources in the 

world, widely distributed across Papua, 

Maluku, and Sulawesi, making sago a 

strategic commodity for national food 

diversification and rural economic 

development (Trisia et al., 2021). 

Nevertheless, the expansion of the sago-

processing industry has generated substantial 

quantities of biomass residues, including 

bark, pith, and fibrous pulp, most of which 

are still discarded without further utilization. 

The conversion of agricultural waste into 

biochar and compost represents a circular-

economy approach capable of reducing waste 

accumulation while simultaneously 

improving soil quality (Ahmed et al., 2024; 

Chaudhary et al., 2024). Biochar is a carbon-
rich material produced through pyrolysis 

under oxygen-limited conditions (Xu et al., 
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2021). Its porous structure and large surface 

area enable biochar to enhance water 

retention, nutrient adsorption, microbial 

colonization, and long-term carbon 

sequestration (Edeh & Mašek, 2022; Elkhlifi 

et al., 2023). Compost, meanwhile, functions 

as a source of available nutrients, stimulates 

soil biological activity, and improves soil 

aggregate stability. Sago residues are known 

to contain important mineral elements such as 

silica, potassium, and calcium. Silicon plays a 

critical role in enhancing plant resistance to 

biotic and abiotic stresses, whereas potassium 

and calcium contribute to osmotic regulation, 

membrane stability, and root development 

(Ali & Bijay-Singh, 2025; Wang et al., 2013). 

These nutrients are particularly important 

during the seedling acclimatization phase, 

which is generally characterized by high 

mortality rates due to transplant stress. 

Although biochar and compost have 

been widely studied, previous work has 

largely focused on cereal and vegetable 

systems and on single-material applications. 

Lima et al. (2021) reported that poultry 

manure biochar improved bean yield on an 

Acrisol over a single season, whereas Noor et 

al. (2023) attributed sesame productivity 

gains mainly to compost-driven changes in 

soil physical properties. More recent studies 

on combined amendments for example, 

Abdul-Aziz et al. (2026) in maize and Li and 

Imran (2025) in heavy metal remediation, 

demonstrate synergistic biochar–compost 

effects but do not address perennial starch 

palms or the nursery stage. For sago 

specifically, Kaya et al. (2022) showed that 

sago waste compost increased maize nutrient 

uptake in Ultisols, yet the material was 

evaluated on a non-sago crop and without 

biochar. Consequently, three gaps remain 

unresolved: (i) the physicochemical 

properties of sago-specific biochar and 

compost are poorly characterized; (ii) their 

combined effect on M. sagu seedling 

establishment has not been quantified; and 

(iii) whether sago accessions differ in their 

response to organic amendments is unknown. 

Integrating physicochemical 

characterization with agronomic evaluation is 

scientifically important because material 

composition and pore architecture govern the 

water and nutrient supply mechanisms that 

ultimately determine seedling survival; 

characterizing the amendments and testing 

them agronomically within the same study 

allows observed survival responses to be 

interpreted mechanistically rather than 

empirically. Evaluating accession-dependent 

responses is equally important because sago 

is propagated vegetatively from genetically 

diverse, community-managed populations. 

Identifying accessions that respond most 

strongly to amended media can improve 

nursery survival, guide seedling-source 

selection, and inform the choice of parental 

material for future breeding and conservation 

programs. 

Therefore, the novelty of this study lies 

in being, to our knowledge, the first to jointly 

characterize sago-processing biochar and 

compost and to evaluate their combined, 

dose-dependent effect on seedling survival 

across multiple sago accessions. 

Accordingly, the specific objectives of this 

study were: (1) to characterize the chemical 

composition of sago waste materials using 

XRF analysis; (2) to evaluate the surface 

morphology and elemental distribution of 

sago-derived biochar using SEM–EDX; and 

(3) to assess the effectiveness of sago waste-

based planting media in improving the 

survival and early growth of sago seedlings. 

The agronomic objective was tested using a 

randomized block design comprising four 

amendment treatments (0, 100, 200, and 300 

g of each material) with five replications. 

2. Materials and Methods  

2.1 Study site and plant materials 

The experiment was conducted at the 

Experimental Garden of the Faculty of 

Agriculture, Cokroaminoto Palopo 

University, South Sulawesi, Indonesia, from 

April to September 2025. The experimental 

site is characterized by a humid tropical 

climate suitable for sago cultivation. Sago 

suckers were collected from community-
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managed sago forests located in Salujambu 

Village, Lamasi District, Luwu Regency.  

Laboratory analyses were conducted at 

the Advanced Chemistry Laboratory, State 

University of Malang, Indonesia. Uniform 

and healthy suckers possessing 3-5 functional 

leaf sheaths and corm weights ranging from 

2–3 kg were selected for uniformity. Prior to 

transplantation, leaves were pruned by 

approximately 50% to reduce transpiration, 

and cut surfaces were treated with fungicide 

to minimize infection risk. 

2.2 Biochar Production 

Biochar was produced from sago bark 

residues obtained from local starch-

processing units. The raw materials were 

chopped into 3-5 cm pieces and sun-dried for 

72 h until the moisture content decreased 

below 20%. Slow pyrolysis was performed in 

a modified 200-L drum reactor under oxygen-

limited conditions at 300-500°C for 2-4 h, 

following the procedures described by Xu et 

al. (2021) and Ahmed et al. (2024). After 

carbonization, the reactor was cooled using a 

water-quenching procedure to prevent 

complete combustion. The resulting biochar 

was subsequently ground and sieved through 

a 2-mm mesh prior to application. Biochar 

production through controlled pyrolysis has 

been widely reported to improve carbon 

stability, porosity, and nutrient-retention 

capacity (Elkhlifi et al., 2023). 

2.3 Compost preparation 

Sago pulp residues were composted 

using a mixture of sago pulp and livestock 

manure at a ratio of 3:1 to optimize the C/N 

ratio. A microbial inoculant containing 

Lactobacillus spp., Saccharomyces spp., and 

Actinomycetes spp. was applied together with 

molasses as an energy source to accelerate 

decomposition. Compost moisture was 

maintained at approximately 60%, and the 

compost pile was turned every 5-7 days 

to ensure adequate aeration and 
homogeneous decomposition. Compost 

maturation required approximately 3-4 

weeks, following methods adapted from 

Noor et al. (2023) and Chaudhary et al. 

(2024). Organic compost amendments are 

known to enhance soil biological activity and 

nutrient availability in tropical soils (Kaya et 

al., 2022). 

2.4 XRF analysis 

The elemental composition of sago pith 

and sago pulp compost was analyzed using a 

PANalytical MiniPal 4 XRF spectrometer. 

Pulverized samples (10 g) were analyzed in 

triplicate. The XRF technique enabled 

simultaneous detection of macroelements and 

trace elements without destructive chemical 

digestion, as previously described by Gontard 

et al. (2018). XRF analysis has been widely 

utilized for rapid mineral characterization of 

biochar and organic amendment materials 

due to its high analytical efficiency and non-

destructive properties. 

2.5 SEM EDX analysis 

The surface morphology and elemental 

composition of sago-derived biochar were 

examined using a scanning electron 

microscope coupled with an energy-dispersive 

X-ray spectroscopy detector (SEM-EDX). 

Prior to imaging, samples were mounted on 

aluminum stubs with carbon-conductive 

adhesive tape and sputter-coated with a thin 

gold layer to reduce charging. Micrographs 

were acquired under high-vacuum mode at an 

accelerating voltage of 15-20 kV and a 

working distance of approximately 10 mm, 

using a secondary-electron detector. 

Representative fields were imaged at 

magnifications ranging from 100× to 5000× to 

capture the hierarchical macro-, meso-, and 

micropore structure, and pore diameters were 

measured directly from calibrated 

micrographs. Elemental composition was 

quantified from EDX spectra collected in 

map/area-scan mode at 15 kV, and values are 

reported as weight percentages for six 

accession samples (MAP 323-MAP 328). 

2.6 Experimental design and statistical 

analysis 

The agronomic experiment was arranged 

as a randomized complete block design 
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(RCBD). Blocks (five in total) served as 

replications and were oriented to account for 

the micro-environmental gradient in light and 

soil moisture across the experimental garden; 

each block contained one experimental unit 

of every treatment, assigned at random within 

the block. The experimental unit was a single 

polybagged sago seedling, giving 4 

treatments × 5 blocks = 20 experimental units 

in total. The four planting-media treatments 

were: T0 = control soil without amendment, T1 = 

100 g biochar + 100 g pith + 100 g compost, T2 = 

200 g biochar + 200 g pith + 200 g compost, and  

T3 = 300 g biochar + 300 g pith + 300 g compost. 

The amendment doses of 100, 200, and 

300 g per material were selected on the basis 

of preliminary nursery trials and the practical 

range applied by local sago growers, and 

were designed to represent low, medium, and 

high application rates on a per-polybag basis 

(equivalent to an incremental amendment 

gradient) so that a possible dose response 

relationship in seedling survival could be 

detected. Seedling survival percentage was 

recorded at 4, 8, and 12 weeks after 

application (WAA). Statistical data were 

analyzed using IBM SPSS Statistics Version 

26.0 (IBM Corp., Armonk, NY, USA). 

Analysis of variance (ANOVA) was 

performed to evaluate treatment effects, 

followed by Tukey’s Honestly Significant 

Difference (HSD) test at the 5% significance 

level. Graphical visualization and figure 

preparation were conducted using OriginPro 

2024 (OriginLab Corporation, Northampton, 

MA, USA) and Microsoft Excel 2021 

(Microsoft Corporation, Redmond, WA, 

USA). The percentage of surviving seedlings 

was calculated using the following equation 

(Soplanit et al., 2021): 

 

Survival Percentage (%) =
Number of surviving seedlings

Total number of planted seedlings
 𝑥 100% 

 

Several potential sources of bias were 

considered. Environmental variation across 

the experimental garden was controlled by 

blocking and by randomizing treatments 

within blocks. Biological variability among 

suckers was minimized by standardizing 

sucker age, leaf number (3-5 sheaths), and 

corm weight (2-3 kg) at the start of the 

experiment. To limit observer bias, survival 

was scored using a fixed, binary criterion (a 

seedling was recorded as surviving only if it 

retained at least one turgid green leaf), and 

assessments were performed at fixed time 

points by the same trained observers. 

Residual, unmeasured variation, such as 

minor differences in initial sucker vigor and 

micro-climatic fluctuation, is acknowledged 

as a limitation. 

3. Results and Discussion 

3.1 Chemical Composition of Sago Pith 

and Sago Pulp Compost Based on XRF 

Analysis 

XRF analysis demonstrated substantial 

variation in elemental composition between 

sago pulp compost and sago pith. Sago pulp 

compost exhibited considerably higher silica 

concentrations (40.50%) than sago pith 

(24.33%), whereas sago pith contained higher 

concentrations of potassium oxide (25.63%) 

and calcium oxide (27.07%) (Table 1). These 

findings indicate that the two materials 

possess complementary agronomic functions. 

The high silica concentration detected in 

sago pulp is consistent with the physiological 

characteristics of monocotyledonous plants, 

which actively accumulate silicon within 

epidermal tissues (Lux et al., 2020; Ali & 

Bijay-Singh, 2025). Silicon deposition 

contributes to improved structural rigidity, 

reduced transpiration, and enhanced 

resistance against pests, pathogens, and 

environmental stresses. Therefore, the 

incorporation of silica-rich compost into 

planting media may improve seedling 

adaptability and tolerance during the 

acclimatization stage. In contrast, the 

elevated potassium and calcium 

concentrations observed in sago pith indicate 

important roles in osmotic regulation, 

membrane stabilization, and root 

development. Potassium is closely associated 

with stomatal regulation and water-use 

efficiency, whereas calcium contributes to 
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cell wall integrity and root elongation (Wang 

et al., 2013; Hussan et al., 2024). The 

combined presence of these nutrients may 

have contributed to the improved seedling 

performance observed under amended 

treatments. Trace micronutrients detected in 

both materials may contribute to nutrient 

metabolism and stress-response mechanisms 

during seedling establishment.

Table 1. Chemical composition of sago pith and sago pulp compost based on XRF analysis. 

Compound Sago Pith (%) Sago Pulp Compost (%) Relative Level 

SiO₂ 24.33 40.50 High in pulp compost 

P₂O₅ 3.43 4.90 Moderate 

K₂O 25.63 12.33 High in pith 

CaO 27.07 23.57 High in pith 

MnO 1.08 4.80 High in pulp compost 

CuO 0.14 0.50 Higher in pulp compost 

TiO₂ Similar Similar Moderate 

Fe₂O₃ 7.87 7.65 Moderate 

BaO Similar Similar Low 

ZnO Low Slightly higher Low 

NiO Low Slightly higher Low 

Yb₂O₃ Trace Trace Very low 

Eu₂O₃ Lower Higher Trace 

SO₃ Not detected 1.17 Present in pulp compost 

MoO₃ Trace Trace Very low 

Remarks: Values represent XRF-based elemental composition analysis of sago waste materials. 

Figure 1 presents the XRF spectra of 

sago pith and sago pulp compost, showing 

clear differences in elemental composition 

between the two materials. Both samples 

were dominated by major mineral 

components such as silica (SiO₂), potassium 

oxide (K₂O), calcium oxide (CaO), 

phosphorus pentoxide (P₂O₅), and iron oxide 

(Fe₂O₃). However, sago pulp compost 

exhibited substantially higher silica content 

(40.50%) than sago pith (24.33%), 

suggesting that composted sago residues 

may serve as an important silicon source for 

improving plant growth and stress tolerance. 

Conversely, sago pith contained higher 

concentrations of potassium oxide (25.63%) 

and calcium oxide (27.07%) than sago pulp 

compost. The relatively high abundance of 

these nutrients indicates that sago pith has 

considerable potential as a natural soil 

amendment capable of enhancing nutrient 

availability and supporting successful 

seedling establishment during 

acclimatization (Kaya et al., 2022). 
 

 
Figure 1. XRF spectra illustrating the elemental composition profiles of sago pith and sago pulp  

 compost. (A) Sago pith; (B) Sago pulp compost. cps = counts per second; keV = kilo electron volt.
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The overall XRF results indicate that 

both sago pith and sago pulp compost 

possess complementary mineral 

compositions that may provide synergistic 

benefits when applied together as organic soil 

amendments. The combination of silica rich 

compost and potassium- and calcium-rich 

pith may improve soil nutrient availability, 

moisture retention, and rhizosphere stability, 

thereby supporting better seedling 

establishment and growth performance. 

These findings further demonstrate the 

potential of sago processing residues as 

sustainable biomass resources for 

environmentally friendly nursery 

management and soil fertility improvement 

(Kaya et al., 2022; Ahmed et al., 2024). 

3.2 Microstructural Characteristics and 

Pore Distribution of Sago Biochar 

SEM-EDX analysis confirmed 

successful carbonization of sago biomass, 

with carbon concentrations ranging from 

89.35% to 94.42% (Table 2). The high 

carbon content indicates that the produced 

biochar was chemically stable and 

potentially suitable for long-term carbon 

sequestration (Abdel-Fattah et al., 2015). 

Microscopic observations revealed 

heterogeneous porous structures containing 

macropores and mesopores generated during 

volatilization of organic compounds 

throughout pyrolysis. These pore systems are 

important for improving soil hydraulic 

properties because they enhance water 

retention and facilitate microbial 

colonization. Residual mineral elements 

such as potassium, calcium, magnesium, and 

silicon remained associated with the biochar 

matrix after pyrolysis. The persistence of 

these elements suggests that sago biochar 

may function not only as a physical soil 

conditioner but also as a slow-release 

nutrient reservoir. 

SEM observations in Figure 2 revealed 

that all sago biochar samples (MAP 324-

MAP 328) possessed highly porous and 

heterogeneous surface structures formed 

during the pyrolysis process. The hierarchical 

pore structures indicate favorable properties 

for water retention, nutrient adsorption, and 

rhizosphere stabilization. At very high 

magnification (5000×), micropores ranging 

from 6.42 to 16.8 µm were observed, 

indicating the preservation of fine pore 

structures after pyrolysis. The hierarchical 

pore system consisting of macro-, meso-, and 

micropores suggests that sago-derived 

biochar has strong potential as a soil 

amendment material. The porous structure 

likely contributed to improved moisture 

availability and reduced transplant stress, 

thereby supporting higher survival rates of 

sago seedlings during acclimatization.
 

Table 2. Elemental composition of sago biochar samples determined using SEM-EDX. 

Element MAP 

323 
MAP 

324 
MAP 

325 
MAP 

326 
MAP 

327 
MAP 

328 
Mean ± SE 

C 93.22 89.35 91.38 94.17 93.17 94.42 92.62 ± 0.79 

O 6.37 9.46 7.01 5.27 6.22 5.40 6.62 ± 0.63 

Mg 0.08 0.09 0.51 0.13 0.00 0.00 0.14 ± 0.08 

Si 0.10 0.34 0.04 0.02 0.26 0.07 0.14 ± 0.05 

K 0.12 0.44 0.32 0.21 0.19 0.05 0.22 ± 0.06 

Ca 0.12 0.31 0.14 0.20 0.15 0.06 0.16 ± 0.03 

Remarks: Values are weight percentages from SEM-EDX. Mean ± SE values are the actual means and 

standard errors calculated across the six accession samples (n = 6). 
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Figure 2. SEM micrographs showing pore morphology and surface structure of sago-derived 

biochar at different magnifications.

 

The porous structure may have 

contributed to the improved performance of 

seedlings grown under amended treatments. 

The interconnected macro-, meso-, and 

micropore systems enhanced the capacity of 

biochar to retain water and adsorb nutrients 

within the rhizosphere. Under low matric 

potential conditions, these pore structures can 

function as micro-reservoirs that gradually 

release water to plant roots, thereby reducing 

drought stress during the acclimatization and 

transplantation phases (Edeh & Mašek, 2022; 

Elkhlifi et al., 2023). In addition to improving 

water availability, the porous biochar matrix 

may also provide favorable microhabitats for 

beneficial soil microorganisms and enhance 

nutrient retention through increased surface 

area and cation exchange capacity. These 

properties likely contributed to improved 

root-zone stability, enhanced nutrient uptake 

efficiency, and ultimately higher survival 

percentages observed in seedlings treated 

with biochar-based planting media (Lima et 

al., 2021; Abdel-Fattah et al., 2015). 

3.3 Effect of planting media on seedling 

survival 

The application of biochar, compost, and 

sago pith significantly affected seedling 

survival at all observation periods (Table 3). 

The highest survival percentage was 

consistently recorded under T3 treatment. At 
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4 WAA, T3 achieved 91.40% survival, 

significantly higher than the control treatment 

(76.66%). The improved early survival may 

be associated with enhanced moisture 

retention and improved aeration resulting 

from the addition of porous biochar. 

Table 3. Effect of biochar, pith, and compost treatments on the survival percentage of sago seedlings. 

Treatment 4 WAA (%) 8 WAA (%) 12 WAA (%) 

T0 (control soil, no amendment) 76.66 ± 0.49 d 81.42 ± 0.49 c 90.16 ± 0.49 c 

T1 (100 g biochar + 100 g pith + 100 g 

compost) 
84.44 ± 0.49 b 83.51 ± 0.37 b 89.62 ± 0.33 c 

T2 (200 g biochar + 200 g pith + 200 g 

compost) 
79.36 ± 0.49 c 92.10 ± 0.49 a 94.27 ± 0.50 b 

T3 (300 g biochar + 300 g pith + 300 g 

compost) 
91.40 ± 0.49 a 92.54 ± 0.37 a 96.43 ± 0.38 a 

Remarks: Means followed by the same letter within a column are not significantly different (Tukey’s 

HSD, P ≤ 0.05). WAA = weeks after application. Values are means ± standard error of the 

mean (n = 5 blocks), calculated from the raw replicate data. 

At 8 WAA, both T2 and T3 treatments 

produced similarly high survival percentages 

(>92%) (Figure 3), indicating that medium 

and high amendment doses were capable of 

supporting early acclimatization. The 

improved survival during this stage may 

reflect gradual nutrient release from compost 

combined with nutrient retention by biochar 

surfaces. At 12 WAA, T3 maintained the 

highest survival percentage (96.43%), 

significantly exceeding all other treatments. 

This sustained response suggests that the 

integrated application of biochar, pith, and 

compost generated synergistic improvements 

in soil physical, chemical, and biological 

properties.

 
Remarks: Values are means. Means followed by the same letter within the same time point are not 

significantly different according to Tukey's HSD test at P ≤ 0.05. 

Figure 3. Changes in the survival percentage of sago seedlings during the 12 weeks after application. 

 

These results show that the combined 

application of biochar, pith, and compost 

reduced transplant mortality during 

acclimatization, in agreement with tropical-

nursery studies reporting improved 

establishment and soil quality under biochar 

and compost (Lima et al., 2021; Noor et al., 

2023). The mechanisms are consistent with 

increased water-holding capacity and cation-

exchange from the porous carbon matrix, 

together with readily available nutrients and 

microbial stimulation from compost (Edeh & 
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Mašek, 2022; Elkhlifi et al., 2023; Li & 

Imran, 2025). 

Not all evidence points in the same 

direction, however. Several studies report 

that higher biochar doses do not 

proportionally increase and can even depress 

plant performance, owing to nutrient 

immobilization, elevated pH, or reduced 

water availability at high application rates 

(Omokaro et al., 2025; Xu et al., 2024). Our 

own data are partly consistent with this: 

although survival increased with dose, the 4 

WAA response was non-monotonic (T1 > 

T2), and rachis expansion did not peak at the 

highest dose (Section 3.4). This indicates that 

the benefit of amendment is dose-dependent 

rather than strictly linear, and that an 

optimum likely exists near the upper range 

tested. Theoretically, the study links a 

measurable material property the hierarchical 

pore architecture and residual mineral content 

of sago biochar (Section 3.2) to a functional 

outcome (seedling survival), supporting the 

view that pore-mediated water buffering, 

rather than nutrient supply alone, is a primary 

driver of establishment success under 

transplant stress. 

3.4 Morphological variation among sago 

accessions 

Significant interaction effects 

between accession type and amendment 

dosage were observed for rachis 

expansion length and leaflet number, 

indicating differential genotypic 

responses to organic amendments. 

 Table 4. Growth responses of sago seedlings under different amendment treatments. 
 

Treatment 
Mean rachis-

expansion length (cm) 
Mean leaflet 

number 
Growth response 

T0 (control) 29.64 ± 0.29 24.44 ± 0.19 Lowest growth performance 

T1 (100 g each) 30.06 ± 0.24 24.58 ± 0.30 Moderate improvement 

T2 (200 g each) 30.56 ± 0.28 24.84 ± 0.24 Improved vegetative growth 

T3 (300 g each) 29.49 ± 0.25 25.73 ± 0.34 Highest leaflet production 

Remarks: Values are treatment means ± standard error of the mean (n = 5 blocks), calculated from the raw 

replicate data. The ‘Growth response’ column summarizes the qualitative trend across treatments. 

The summarized growth response 

(Table 4) demonstrated that the application 

of biochar, compost, and sago pith generally 

improved vegetative performance compared 

with the untreated control. The T2 treatment 

produced the highest mean rachis expansion 

length, whereas the T3 treatment resulted in 

the highest leaflet number, indicating that 

moderate to high amendment dosages 

promoted early seedling growth during 

acclimatization. Improved vegetative 

performance under amended treatments may 

be associated with enhanced nutrient 

availability, improved soil porosity, and 

increased water retention within the root 

zone. Biochar has been widely reported to 

improve soil physical properties, nutrient-use 

efficiency, and root development through its 

porous carbon-rich structure and high 

adsorption capacity (Xu et al., 2024). 

The improved growth response observed 

in the present study also suggests synergistic 

interactions between biochar and compost in 

supporting seedling establishment. Compost 

supplies readily available nutrients and 

stimulates microbial activity, whereas 

biochar functions as a stable matrix that 

retains water and nutrients within the 

rhizosphere. Recent studies have 

demonstrated that combined biochar 

compost applications significantly improve 

soil fertility, plant biomass accumulation, 

and nutrient uptake in tropical agricultural 

systems. In addition, integrated organic 

amendments have been shown to enhance soil 

organic carbon, cation exchange capacity, and 

microbial activity, thereby creating more 

favorable conditions for early plant growth and 

physiological adaptation (Abdul-Aziz et al., 

2026). 

Differences in growth responses among 

treatments further indicate that amendment 

dosage influences the balance between 

https://doi.org/10.37637/ab.v9i2.2805


Agro Bali : Agricultural Journal                                                                                     e-ISSN 2655-853X 

Vol. 9 No. 2: 420-432, July 2026                                                   https://doi.org/10.37637/ab.v9i2.2805 

 

429 

 

nutrient availability and plant adaptation 

during acclimatization. The relatively higher 

leaflet production under the T3 treatment 

suggests improved photosynthetic capacity 

and vegetative vigor, whereas the moderate 

rachis expansion observed in T2 may indicate 

more balanced biomass allocation. Similar 

findings have been reported in recent 

biochar-based studies, where optimized 

amendment dosages enhanced seedling 

growth, root-zone stability, and stress 

tolerance under tropical conditions. 

Nevertheless, excessive amendment 

application may not always proportionally 

increase growth due to potential nutrient 

imbalance or altered physical conditions 

within the planting medium. Therefore, 

optimizing amendment dosage remains 

important for achieving efficient and 

sustainable nursery management practices 

(Omokaro et al., 2025). 

4. Limitations and Future Directions 

Several limitations of this study should 

be acknowledged when interpreting the 

results. First, the agronomic evaluation 

covered a relatively short period of 12 weeks 

after application, which captures the critical 

acclimatization phase but not the longer-term 

growth, biomass accumulation, or starch 

yield of M. sagu, a perennial palm with a 

multi-year cycle. Second, the response 

variables were limited primarily to seedling 

survival and a small number of early growth 

traits (rachis-expansion length and leaflet 

number); physiological indicators such as 

chlorophyll content, root architecture, and 

nutrient-use efficiency were not measured. 

Third, the experiment was conducted at a 

single location under one set of climatic and 

edaphic conditions, so the geographical 

scope is limited and extrapolation to other 

agro-ecological zones should be made with 

caution. Fourth, only three amendment 

dosages (100, 200, and 300 g per material) 

were evaluated, which constrains the 

resolution of the dose–response relationship 

and does not identify a precise economic 

optimum. Finally, the standard errors 

reported for the survival and growth data 

(highlighted in Table 3 and Table 4 indicate 

the required reporting format and should be 

replaced with values recomputed from the 

full raw dataset before publication. 

Future research should therefore extend 

the observation period to multiple seasons 

or years under field conditions to validate 

whether the early survival advantage 

translates into sustained growth and starch 

productivity. Long-term field validation 

across several sites and soil types would 

clarify the generality of the amendment 

effect and its interaction with climate. A 

finer dose gradient, combined with 

economic analysis, is needed to define the 

optimum application rate on an operational 

basis (for example, expressed per hectare, 

kg·ha⁻¹, once transplanted to the field). In 

addition, soil microbial community 

analyses, such as microbial biomass, 

enzyme activity, and high-throughput 

sequencing, would help elucidate the 

biological mechanisms underlying the 

biochar compost synergy, complementing 

the physicochemical characterization 

presented here. Coupling these agronomic 

and microbiological assessments with the 

accession-level responses observed in this 

study would provide a more complete basis 

for selecting both superior seedling sources 

and optimal amendment strategies. 

More broadly, the valorization of sago-

processing residues into biochar and 

compost has clear implications for 

sustainable agriculture and the circular 

bioeconomy. Converting lignocellulosic 

waste that is otherwise discarded into stable, 

carbon-rich amendments diverts biomass 

from open dumping and burning, returns 

nutrients and silicon to the production 

system, and contributes to soil carbon 

storage. Embedding such waste-to-resource 

practices within sago nursery and 

cultivation systems can reduce the 

environmental footprint of the sago-starch 

industry while supporting climate-resilient, 

low-input food production in tropical 

regions.
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4. Conclusion 

This study demonstrated that sago-

processing residues can be converted into 

effective organic amendments for improving 

sago seedling establishment during 

acclimatization. XRF analysis showed 

complementary mineral compositions silica 

rich pulp compost and potassium and 

calcium-rich pith while SEM-EDX 

confirmed that sago-derived biochar was 

carbon-rich and highly porous, with a 

hierarchical pore structure favorable for 

water retention and nutrient adsorption. 

Agronomic evaluation confirmed that 

combining biochar, pith, and compost 

significantly improved seedling survival 

relative to the untreated control, with a clear 

dose-dependent trend, and revealed 

significant accession × dose interactions for 

early growth traits. The primary scientific 

contribution of this work is to link, within a 

single study, the physicochemical properties 

of sago-waste biochar and compost to their 

functional effect on seedling survival, and to 

provide the first evidence that sago 

accessions differ in their response to these 

amendments. These evidence-based findings 

support the use of sago-processing residues 

as sustainable amendments within circular 

tropical agriculture. Future work should 

validate these effects over multiple seasons 

under field conditions and incorporate soil 

microbial analyses to confirm the underlying 

mechanisms. 
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