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			Abstract | Palm fronds and banana stems are lignocellulosic residues that decompose slowly due to their high lignin and cellulose content. Accelerated composting using Trichoderma harzianum and plant growth-promoting rhizobacteria (PGPR) offers a sustainable method to convert this biomass into nutrient-rich compost. This study aimed to obtain Trichoderma-enriched compost from palm fronds and banana stems and to determine the optimal PGPR concentration for promoting the growth of oil palm seedlings in the pre-nursery. Preliminary research identified the type of Trichoderma fungus to be used and then paired with PGPR concentration treatments (P) to make compost. Furthermore, field experiments was conducted in an oil palm nursery to observe the effect of compost on the growth of oil palm seedlings, using a randomized complete block design (RCBD) with four PGPR dosage treatments (P): Control/0 mL L-1 (P0), 10 mL L-1 (P1), 20 mL L-1 (P2) and 30 mL L-1 (P3). The experimental results showed that the 20 mL L-1 PGPR treatment achieved the highest compost temperature (39°C), optimal C-organic content (18.31%) and the C/N ratio (19%), with improved nitrogen (0,95%), and phosphorus (3.41%). The highest potassium content was shown by the PGPR 30 mL L-1 treatment, at only 2.86%. The best total macronutrient content in the palm frond and banana stem compost was obtained from the PGPR 20 mL L-1 treatment at 7.14%. Compost enriched with PGPR 20 mL L-1 produced the best results for plant height growth at 70 DAP (12.64 cm), while PGPR 10 mL L-1 produced the best results at 84 DAP (17.15 cm) and 98 DAP (29.46 cm). Compost enriched with PGPR also improved stem diameter, number of leaves, fresh weight, and dry weight of seedlings. It is therefore recommended to apply PGPR-enriched compost at 20 mL L-1 to enhance organic waste decomposition and early growth performance of oil palm seedlings.
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			Introduction

			Palm oil is one of the most widely consumed and produced vegetable oils globally. In addition to its low and stable price, it is also used in various types of food, cosmetics, and renewable energy sources, such as biofuels and biodiesel. Indonesia had a total oil palm area of 16.83 million hectares, with smallholders cultivate approximately 5.89 million hectares or 35.82% (Directorate General of Plantation, 2023). This sector employs at least 2.61 million workers, highlighting its substantial socio-economic contribution.

			The success of oil palm plantations begins in the nursery, where high-quality seedlings are critical for achieving optimal productivity. Two nursery systems are commonly used: the single-stage nursery and the two-stage nursery (Saputra et al., 2024). The most commonly used nursery is the two-stage nursery, which is carried out in small polybags. In the single-stage nursery, seeds in the form of oil palm shoots are planted directly into large polybags and maintained until they are ready for planting (Babu et al., 2025). Regardless of the system, the quality of seedlings is influenced by genetic factors, planting media, and nutrient availability.

			Seedlings are the key to excellent performance in oil palm cultivation. Nutrient requirements vary with growth stage and macronutrients such as nitrogen (N), phosphorus (P), and potassium (K) are crucial for improving seedling vigor and quality. The amount and type of nutrients required are different for each growth stage (Setyawan et al., 2020; Ginting et al., 2021; Gusmawartati et al., 2025). The addition of nutrients to the planting medium in the right type and dose can enhance the growth of oil palm seedlings, resulting in high-quality seedlings (Ajeng et al., 2020). Oil palm nurseries require a growing medium consisting of soil and a mixture of other materials commonly used as an organic fertilizer. The composition of planting media, which combines soil with agricultural and industrial waste, has been widely used in oil palm cultivation (Hau et al., 2020).

			However, these biomass materials have high lignin and cellulose content, which hinders their rapid decomposition. Palm fronds contain 20.13% lignin, 32.58% cellulose, and 8.37% hemicellulose (Kusmiati et al., 2024). Banana stems contain 9% lignin, 46% cellulose, and 38.54% hemicellulose (Nandiyanto et al., 2021). this high lignocellulosic composition limits microbial access and enzymatic degradation, resulting in slow composting rates and potential nutrient immobilization (Datta, 2024). 

			To address this issue, the use of lignocellulolytic microbial decomposers has been proposed. Fungi such as Trichoderma, Aspergillus, Pleurotus ostreatus, and Rhizopus are known to degrade complex lignocellulose structures (Kusmiati et al., 2024). 

			In addition to fungal microbes, bacterial microbes can also be used as breakers in composting, such as PGPR (plant growth-promoting rhizobacteria) bacteria (Utamy et al., 2025). PGPR is capable of producing growth hormones such as auxin, gibberellin, and cytokinin, as well as facilitating phosphate solubilization and nitrogen fixation (Vocciante et al., 2022; Tripathi et al., 2024; Chi et al., 2025; Syaiful et al., 2025). PGPR isolates of Bacillus strains isolated from Sulawesi, which were tested on shallot plants and had the best effect on the number of leaves and number of shallot bulbs (Kafrawi et al., 2017). 

			Despite the known benefits of microbial decomposers and PGPR, few studies have explored their synergistic application in accelerating the decomposition of palm fronds and banana stems for use in oil palm nurseries. Furthermore, the potential of such composts to enhance nutrient content and promote seedling performance remains underexplored. Therefore, this study aims to obtain Trichoderma-enriched compost from palm fronds and banana stems and to determine the optimal PGPR concentration for promoting the growth of oil palm seedlings in the pre-nursery.

			Materials and Methods

			Research design

			This research was arranged in a randomized complete block design (RCBD). Preliminary studies were carried out to determine the type of decomposition fungi to be used in compost production, namely Aspergillus (K1), Plerotus Ostreatus (K2), Rhizopus (K3), and Trichoderma (K4). Each treatment was replicated three times, consisting of two experimental units, resulting in a total of 24 experimental units. The selected fungi were then paired with the PGPR dosage treatment (P) to make a new compost consisting of four treatments. Each treatment was replicated three times, consisting of two experimental units, for a total of 24 experimental units. Data analysis of the nutrient content of each dose of PGPR compost was composited and then tested in an oil palm nursery to see its effect on the growth of oil palm seedlings using a Randomized Complete Block Design (RCBD) with four PGPR dose treatments (P), namely Control / 0 mL L-1 (P0), 10 mL L-1 (P1), 20 mL L-1 (P2), 30 mL L-1 (P3). Each treatment was replicated five times and consisted of two units, resulting in a total of 40 experimental units. 

			Research procedure

			Stage of preparation

			The palm fronds are collected with a dodo, and the leaves on the fronds are removed. The fronds are washed thoroughly with running water and aired. The selection of white decomposition fungi for decomposition was made by pouring each fungal suspension, namely Aspergillus (K1), Plerotus Ostreatus (K2), Rhizopus (K3), and Trichoderma (K4), into a bucket containing 500 mL of distilled water, with molasses added to a level of two tablespoons. The fungal solution was slowly poured onto the compost material, which consisted of a mixture of finely chopped palm fronds, banana stems, and bran, in a ratio of 2:2:0.5, after each treatment. If the compost material does not break when squeezed by hand, stop adding water, and the compost material is ready for incubation in a closed bucket. The compost solution is then stirred daily to even out the decomposition process and release the heat generated by decomposition.

			Stages of trichoderma and PGPR 

			Enriched compost preparation Trichoderma and PGPR enriched compost was prepared according to the method of Kafrawi (2017), viz: 1). Palm fronds and banana stems were chopped into cubes and mixed evenly with chicken manure and husk in a ratio of 1:1:1:1 so that it was ready to become compost material, 2) a suspension of Trichoderma harzianum fungus with a concentration of 1 × 106 was prepared as much as 1000 mL and molasses was added as much as two tablespoons, 3) the suspension of Trichoderma harzianum fungus together with the local Bacillus bacterial consortium formulation of Sulawesi Island with a concentration of P2 in a ratio of 1:1, 4) the watering of the fungal and bacterial suspensions was stopped when the compost material did not break after being crushed by hand, and then the compost material was fermented for three months, 5) after fermentation, the mature enriched compost was directly applied as the main component of the planting medium to ensure that the microbial enrichment achieved during composting could optimally support early seedling growth. 

			Stages of planting and maintenance 

			Preparation of the planting media started with mixing topsoil with compost as a growing medium in polybags measuring 10 cm × 15 cm. The planting media consisted of a mixture of topsoil and palm frond compost enriched with different concentrations of PGPR in a 1:1 ratio. Seeds were planted by dipping them with the radicle pointing downwards, the plumula covered with a layer of soil that was not too hard. They were planted individually and placed in the nursery. Maintenance consists of watering and weeding. Watering was done in the morning and evening, depending on the soil’s humidity. Weeding was done when weeds were growing in the polybags. The first observations were made 30 days after planting (DAP) and continued until the end of the observation, 16 weeks after planting. Parameters observed or the difference between the data at the time of observation and the first observation. 

			Data parameter and analysis

			The parameters observed were C/N ratio of compost enriched with Trichoderma, compost temperature enriched with Trichoderma harzianum and PGPR, pH of the compost, nutrient analysis of the compost, plant height, number of leaves, stem diameter, fresh plant weight, and dry plant weight. All data underwent systematic analysis using several analytical concepts. The data were analyzed using analysis of variance with the least significant difference (LSD) test at the 95% confidence level.

			Table 1: Nutrient content of compost enriched with the weathering fungus three months after decomposition (MAD)
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							Nutrient of compost (%)
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							Nitrogen
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							Aspergillus (K1)

						
							
							8,64

						
							
							0,35

						
							
							25

						
					

					
							
							Plerotus Ostreatus (K2)

						
							
							8,64

						
							
							0,41

						
							
							21

						
					

					
							
							Rhizopus (K3)

						
							
							9,86

						
							
							0,52

						
							
							19

						
					

					
							
							Trichoderma (K4)

						
							
							9.58

						
							
							0,42

						
							
							23

						
					

					
							
							Standard*

						
							
							Min. 5

						
							
							
							≤ 25

						
					

				
			

			*Regulation of the Minister of Agriculture No 261 - KPTS - SR.310 - M - 4 - 2019 on the minimum technical requirements for organic fertilizers, biofertilizers, and soil improvers.

			Results and Discussion

			C/N ratio of compost enriched with trichoderma.

			The compost, which was incubated for three months to allow for adequate decomposition, was subsequently analyzed to determine its nutrient content using a composite sampling method. Table 1 presents the results of the nutrient analysis conducted on the compost produced by applying different decomposition fungi to palm fronds and banana stems. 

			The C/N ratio is the most important factor in the composting process because it is driven by the activities of microorganisms, which require carbon as an energy source and nitrogen to form cells (Vocciante et al., 2022). The value of the C/N ratio determines the quality of the compost, as it affects the availability of nutrients and serves as an indicator of the compost’s level of maturity. A higher C/N ratio indicates that the compost is not mature (Azis et al., 2023). The results of the C/N ratio analysis were successfully reduced in all treatments with the type of decomposition fungus used, which ranged from 19 to 25. This value meets the quality standards of solid organic fertilizer in the form of compost with a standard value of ≤ 25.

			Rhizopus sp. gave the lowest reduction in C/N ratio compared to other decomposition fungi with a C/N ratio of 19. It is believed that Rhizopus has a superior degrading ability compared to other fungi on palm fronds. The suitability of the needs of life is achieved by using sugar or starch in palm fronds as a carbon source, resulting in a faster degradation rate of organic matter in compost with Rhizopus sp., which is characterized by the lowest C/N ratio. According to Hamid et al. (2020), the nutrient content of palm fronds and leaves is relatively low, as indicated by their high crude fiber content, but they contain a significant amount of carbohydrates in the form of soluble sugars, which accounts for approximately 22%. 

			Rhizopus, with the lowest C/N ratio, and Aspergillus, with the highest C/N ratio, were not selected as a decomposition fungus for further research. According to Shafreen et al. (2021), if the C/N ratio is too low, excess nitrogen (N) that is not utilized by microorganisms cannot be assimilated and is either lost through volatilization as ammonia or denitrified. Additionally, it takes several cycles of microorganisms to complete the degradation of compost materials, resulting in longer composting times and lower-quality compost results. Salangsang et al. (2022) state that microorganisms can break down carbon compounds for energy and utilize nitrogen for protein synthesis. If the C/N level is too high, microbes will lack N for protein synthesis, and decomposition will be slow. 

			The decomposition fungus selected for the follow-up study was Trichoderma, with a C/N ratio of 23:23. According to Abdusamatov et al. (2020), this microbe makes more efficient and effective use of the decomposition element nitrogen contained in palm fronds. Trichoderma harzianum is capable of breaking down organic matter, such as cellulose, into glucose compounds. The Trichoderma harzianum fungus can produce enzymes that break down cellulose into glucose and also acts as an environmentally friendly biofungicide, as it does not pollute the environment but can restore the natural balance and fertility of the soil.
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			Figure 1: Temperature variation of Trichoderma-enriched compost and different doses of PGPR during the decomposition process at 3 MAD.

			Compost temperature enriched with trichoderma harzianum and PGPR 

			The next stage of research involves combining the use of Trichoderma and PGPR as compost enrichment materials. The treatment of PGPR doses on the decomposition process shows different compost temperatures during the incubation period until the compost is mature. Temperature variations are visible in Figure 1.

			Figure 1 illustrates that the temperature fluctuates, and the maximum temperature achieved in the composting process for the P2 treatment is 39°C. As a comparison, the minimum compost temperature achieved at the end of the experiment by PGPR doses P2 water and P3 is 23°C. The results showed that in each sample treatment, the temperature was significantly higher in the second week, indicating that the composting rate was faster due to the activity of decomposing organic matter by microorganisms.

			The increase in temperature typically began at the start of the composting process, reaching a maximum between days 10 and 25, and then decreased until the end of the process. The increase in temperature on day 10 was due to the release of microbial nutrients from the organic matter in the palm fronds and banana stalks, resulting in intense growth and activity of microbial decomposers. Along with the intensive decomposition of organic matter, a significant amount of heat was released, increasing the temperature of the compost pile. The microbial activity then decreases, accompanied by a decrease in pile temperature, until the end of the composting process. The temperature achieved in the 20 mL L-1 treatment is due to the microbial population receiving balanced nutrition from the compost pile, which enables them to support microbial activity, resulting in a higher temperature than in the other treatments. According to Ho et al. (2022), the optimal temperature range for good composting activity is between 30 °C and 60 °C. Therefore, the results obtained indicate the occurrence of a good composting process. The composting process will go well if the compost temperature is suitable for the growth of microorganisms (Abdusamatov et al., 2020)
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			Figure 2: PH of compost from palm fronds and banana stems enriched with Trichoderma and different doses of PGPR during the decomposition process at 3 MAD.

			pH of the compost 

			The composting process can take place over a wide pH range. The decomposition process is characterized by an increase in the pH of the compost during the incubation period, as illustrated in Figure 2. Theoptimum pH for the composting process is between 6.5 and 7.5. If the pH is too acidic or too alkaline, oxygen consumption will increase, and this will have dire consequences for the environment; if the pH is too alkaline, the nitrogen element in the compost material will be converted into ammonia, whereas if the pH is too acidic, some microorganisms will die (Sadeli et al., 2022). Figure 2 shows the initial condition of the compost pile, which had a relatively low pH. During the decomposition process and upon entering the second observation, there was an increase in the pH of the composter at all PGPR doses, except for the control treatment, which experienced a decrease in pH by 0.4 points. Sutton et al. (2020) state that the addition of PGPR microorganisms causes an increase in the activity of microorganisms that break down organic nitrogen into ammonia. Ammonia increases pH due to its alkaline nature. The lack of addition of PGPR microorganisms in the control, which relies solely on indigenous microorganisms, results in low microbial activity, leading to a decrease in the pH of the composter. 

			In the third observation, the opposite condition occurred. All the compost piles treated with PGPR experienced a decrease in pH. In contrast, the control treatment experienced an increase in pH that persisted throughout the experiment, with a final pH of 7. This was caused by the activity of indigenous microorganisms from the compost pile that took longer to multiply their population and were able to influence the decomposition process. While the PGPR-treated compost pile initially started at a relatively high pH condition in the second observation, the pH level decreased in the third observation. This is in line with the statement of Saypariya et al. (2024), who noted that the pH value decreased slightly with increasing days of composting. The process of acid release, whether temporary or local, will cause a decrease in pH. The pH condition of the palm frond and banana stem compost produced in all PGPR dosage treatments and the control met the MOA standard, which is between 4 - 9 (Figure 2). The maximum pH range for most bacteria is between 6 - 7.5. For fungi, it is 5-8. Based on this description, the optimum pH condition is 7 or in the range of 5 to 8 (Mawad et al., 2020). Therefore, the pH achieved at the end of composting indicates that the process is progressing well.

			Nutrient analysis of compost

			Table 2 presents a comparative analysis of the nutrient composition of compost treated with Trichoderma in combination with varying doses of Plant Growth Promoting Rhizobacteria (PGPR).

			Table 2 shows that composters from all PGPR dose treatments showed a decrease in C/N ratio compared to the control. The decrease in the C/N ratio followed a linear curve, i.e., the higher the PGPR dose, the higher the C/N ratio of the composters. The pH of the composters increased with increasing PGPR dose. Meng et al. (2021) state that, in general, the C/N 

			Table 2: Compost content of palm fronds and banana stems enriched with Trichoderma harzianum and different doses of PGPR at the age of 3 MAD.

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Dose of PGPR

						
							
							Moisture (%)

						
							
							pH

						
							
							C/N

						
							
							C-Organic(%) 

						
							
							Macro-nutrient (%)

						
							
							Total macro-nutrient

						
					

					
							
							Nitrogen (N)

						
							
							Phosfor (P2O5)

						
							
							Potassium (K2O)

						
					

					
							
							Control

						
							
							8.52

						
							
							7

						
							
							23

						
							
							13.77

						
							
							0.59

						
							
							2.69

						
							
							2.33

						
							
							2,33

						
					

					
							
							10 mL. L1

						
							
							7.22

						
							
							7

						
							
							18

						
							
							15.34

						
							
							0.85

						
							
							3.22

						
							
							2.85

						
							
							6,92

						
					

					
							
							20 mL. L1

						
							
							6.79

						
							
							7.1

						
							
							19

						
							
							18.31

						
							
							0.95

						
							
							3.41

						
							
							2.78

						
							
							7,14

						
					

					
							
							30 mL. L1

						
							
							5.44

						
							
							7.2

						
							
							20

						
							
							16.19

						
							
							0.79

						
							
							2.98

						
							
							2.86

						
							
							6,63

						
					

					
							
							Standard*

						
							
							10 - 25

						
							
							4 - 9

						
							
							≤ 25

						
							
							Min. 15

						
							
							------- Total macro-nutrient Min 2 -------

						
					

				
			

			* Regulation of the Minister of Agriculture No 261 - KPTS - SR.310 - M - 4 - 2019 on the minimum technical requirements for organic fertilizers, biofertilizers, and soil improvers.

			ratio and pH of the compost in all treatments met the standards for organic fertilizers, namely a C/N ratio of ≤ 25 and a pH range of 4-9. Microbes can grow well in media rich in carbon, which serves as their habitat and energy source. Allaily et al. (2022) state that the increase in pH in each compost bin is caused by the breakdown of protein into ammonia (NH₃). pH changes in compost begin with a slightly acidic pH due to the formation of simple organic acids, followed by a rise in pH during further incubation as a result of protein breakdown and the release of ammonia. 

			Compost nutrient levels increased in all PGPR treatments, including organic carbon, nitrogen, phosphorus, and potassium. However, it is slightly different from the linear curve of the C/N ratio and pH of the compost, where the nutrient content of the compost tends to increase with increasing doses of PGPR. However, at the end of the experiment, the nutrient content began to peak at the highest PGPR dose. This is due to the excessive PGPR population at high doses (P3), resulting in insufficient compost substrate as an energy source to support PGPR activity. A high C/N ratio of 20 in compost causes the nutrient content of the compost to become flat. According to Nemet et al. (2021), microorganisms need carbon and nitrogen for their metabolic activities. When the C/N ratio is high, the biological activity of microbes decreases, and several cycles are required to degrade organic matter, thereby extending the time required for organic matter decomposition and producing lower-quality products.

			Furthermore, if the C/N ratio is too low, excess nitrogen that is not utilized by microorganisms cannot be assimilated and is lost through volatilization as ammonia or denitrification (Meng et al., 2021). The highest PGPR dose resulted in the highest C/N ratio and caused low microbial activity. This results in low nutrient levels, affecting the overall production of macronutrients by both PGPR and the control group. However, the moisture content is too low. In this case, the decomposition efficiency decreases because there is insufficient water to dissolve the organic matter, which serves as an energy source for microorganisms (Abdurahman et al., 2021).

			Table 3: Average height increase (cm) of oil palm seedlings at 70, 84, and 98 DAP 
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							Height of oil palm seedlings at maturity

						
					

					
							
							70 DAP

						
							
							84 DAP

						
							
							98 DAP

						
					

					
							
							P0 (Control)

						
							
							12.00a

						
							
							15.85a

						
							
							26.66

						
					

					
							
							P1 (10 ml.L-1)

						
							
							11.95a

						
							
							17.15a

						
							
							29.46

						
					

					
							
							P2 (20 ml.L-1)

						
							
							12.64a

						
							
							16.14a

						
							
							28.30

						
					

					
							
							P3 (30 ml.L-1)

						
							
							8.00b

						
							
							11.28b

						
							
							23.32

						
					

					
							
							LSD0,05

						
							
							3.35

						
							
							4.23

						
							
							ns

						
					

				
			

			Note: Mean values followed by different letters indicate significant differences between treatments in the LSD test at p < 0.05.

			Plant height

			Plant growth is influenced by both genotypic and environmental factors, among which the growing medium plays a critical role. As an essential component of the plant’s environment, the medium affects nutrient availability, water retention, and root development. Table 3 presents the average height growth of oil palm (Elaeis guineensis) seedlings. Figure 3 illustrates the progressive increase in plant height of oil palm seedlings at 70, 84, and 98 days after palnting (DAP). The data trend shows an increasing pattern, indicating active vegetative growth. The increase in height reflects the efficacy of compost treatments enriched with different biological agents (e.g., Trichoderma and PGPR) in promoting elongation growth. 
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			Figure 3: Average height increase (cm) of oil palm seedlings at 70, 84, and 98 DAP.

			The trendline (regression curve) shows a positive linear regression, implying that plant height increases consistently over time. This regression model quantifies growth rate and helps predict future height development under similar conditions. A steeper slope indicates a more responsive treatment group, indicating a higher efficiency of compost treatment in supporting early plant development.

			The growing medium is one of the key factors that must be considered, as it significantly affects the growth and development of plants to achieve optimal results (Supriatna et al., 2022). Proper management during seedling propagation is critical to the growth and development of oil palm plants. The provision of appropriate growing media and essential nutrients supports optimal seedling development (Lubis et al., 2023). The increase in plant height at 70 DAP indicates that the application of oil palm frond compost and banana stem enriched with PGPR as a growing medium mixture for oil palm seedlings at dose P2 resulted in better plant height growth compared to other treatments. However, this difference was not significant compared to the P1 dose treatment. In further growth at 84 DAP, the best plant height increase was observed in the lower treatment, dose P1, at 17. 15 cm, but still not significantly different from the P2 dose treatment. At the final observation at 98 DAP, the P1 dose consistently showed a better trend in plant height increase compared to the P2 dose treatment and even compared to the control and P3.

			The bacterial population density in the medium applied with PGPR dose P2 was higher compared to dose P1, resulting in higher bacterial activity in dose P2, which in turn led to the production of compounds beneficial to the growth of oil palm seedlings. This was evidenced by the best increase in plant height at the beginning of the observation (70 DAP) obtained from the P2 treatment. The activity of microorganisms from the high bacterial population in the P2 dose treatment is reduced in its influence on the height increase of oil palm seedlings. A high bacterial population requires a high availability of compost litter as a sufficient energy source for bacteria. Conversely, at the same media concentration with a lower bacterial population density (P1), bacterial activity is more stable due to the availability of energy from oil palm frond compost, thereby supporting better oil palm seedling growth, as observed during further observations at 84 DAP. Nguyen et al. (2021) stated that the source of nutrition for bacteria is litter; bacteria will experience ‘starvation’ when food sources are reduced, which causes fluctuations in the number of bacterial cells.

			The diversity of microbial isolates, such as bacteria, in the production and expression of various secondary metabolites, is significantly influenced by physical and chemical factors in the environment, which serve as a source of nutrition for bacteria (Alami et al., 2024). Soil microorganisms play a complex role, ranging from mineralization, nitrogen fixation, nitrification and denitrification, phosphate solubilization, antibiosis, siderophore production, plant growth regulation, and induction of plant resistance (Pattnaik et al., 2021). Microorganisms decompose organic matter applied to the soil and use it as an energy source (Datta, 2024).

			At 98 DAP, the highest increase in oil palm seedling height was still obtained from the P1 dose treatment. This indicates that the P1 dose has a more pronounced effect on subsequent seedling growth, particularly in terms of plant height. According to Grover et al. (2021), the administration of PGPR can increase root length, the number of roots, the number of leaves, and plant height. The results of the observations showed that although the highest oil palm seedling height was obtained from the P1 dose, this result was not significantly different from the P2 dose, as indicated by the analysis of variance. Meanwhile, the P3 dose was considered less effective in increasing seedling height because the organic material in the compost media did not meet the energy nutrient needs of bacteria.

			Number of leaves 

			Figure 4 shows the average number of leaves increase of oil palm seedlings at 70,84, amd 98 days after palnting (DAP). This figure shows the development of leaf numbers in oil palm seedlings at the same three growth stages. Leaf number is an important indicator of photosynthetic capacity and overall plant vigor. The increasing trend in number of leaves indicates an optimal physiological response to the compost treatments. The linear regression pattern indicates that the increase remained consistent or tapered over time. The regression curve facilitates interpretation of treatment effects on leaf production rate. If the data aligns with a linear model, it indicates that leaf production has not yet saturated and the seedlings are in an active vegetative phase. 

			Based on the results of the experiments on the application of palm frond compost fertilizer and banana stems enriched with different doses of PGPR to oil palm seedlings, it was found that leaf formation in the experimental plants varied between treatment doses P1 and P2. However, the analysis of variance showed no significant effect. However, a trend was observed, where at 70 DAP, treatment P2 produced the highest average number of leaves, with 2.00 leaves, followed by treatment P1, with 1.90 leaves. Conversely, at 84 DAP, the highest average number of leaves was obtained from the P1 dose with 2.50 leaves, while the P2 dose yielded only 2.30 leaves.
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			Figure 4: Average number of leaves increase of oil palm seedlings at 70, 84, and 98 DAP.

			Further growth, at 98 HST, resulted in an average of 2.7 leaves obtained from two concentrations of PGPR application, namely doses P1 and P2. Along with the growth of oil palm seedlings, plants can produce exudates from their roots. According to More et al. (2019), during photosynthesis, plants produce compounds that are essential for growth and secondary metabolites in the form of exudates, which are released into the root zone. Exudates include low-molecular-weight compounds, such as sugars, amino acids, and aromatic compounds, that are released from cells into the intercellular space and surrounding soil.

			Soil microbial populations form communities that establish associative relationships with plants, for example, through the use of non-symbiotic higher plant root exudates as an energy source by heterotrophic nitrogen (N)-fixing bacteria (Hu et al., 2021). The presence of free-living nitrogen-fixing bacteria in the root zone is beneficial to plants, as it helps them meet their nitrogen needs. The dose range of P1 and P2 in oil palm frond and banana stem compost is the optimal concentration range to achieve the nitrogen balance needed for oil palm seedling growth. Plants need nutrients to grow and develop, which are utilized in the plant’s metabolic processes. Each nutrient absorbed by plants has a unique function that no other element can replace. Nitrogen is a macronutrient that is an integral part of chlorophyll and plays a role in photosynthesis (Yousuf et al., 2020). If plants have enough nitrogen, this can be indicated by the functioning of photosynthesis, greener leaves, and better vegetative growth. Furthermore, Mardegan et al. (2022) explained that low nitrogen levels in the soil can be increased through the application of fertilizers. Thus, increasing the dose of nitrogen fertilizer can increase the number of leaves.

			Compost of oil palm fronds and banana stems enriched with PGPR at a dose of P2 was more effective in supporting the growth of oil palm seedlings, especially in terms of organic carbon content (18.31%) and C/N ratio (19%), as shown in Table 2. Li et al. (2021) explained that the optimal C/N ratio ensures an abundant energy supply for microorganisms, allowing them to reproduce rapidly. Compost products from oil palm fronds and banana stem enriched with Trichoderma harzianum, and PGPR have met the total macronutrient content standard of at least 2%, as shown by the P2 dose treatment of 7.14. Therefore, the dose of P2 in the compost of oil palm fronds and banana stems will stimulate the growth of oil palm seedlings at the next growth stage in the leading nursery.

			The application of PGPR, a consortium of active bacteria that colonize plant roots, plays a crucial role in enhancing leaf number, crop yield, and soil fertility (Khan et al., 2020). The positive effects of PGPR on plant growth through media application were also reported PGPR. Applications at 300 mL and 350 mL did not show significant differences in plant height and leaf number, but significant differences were observed in leaf width, root length, and fresh plant weight. An increase in leaf number is one of the plant growth parameters that can be directly observed (Putra & Ibnusina, 2023). This study provides information that the application of PGPR at the appropriate concentration (in this study, P1 and P2) can influence the increase in leaf number. However, as oil palm is a perennial plant with slow vegetative growth compared to annual plants, observing seedlings at 98 days after planting (DAP) is insufficient to describe the overall effect of PGPR fully. This study is expected to provide information on the initial growth of seedlings. Zhang et al. (2024) report that the effect of PGPR is quite beneficial in promoting plant growth, with PGPR-treated plants exhibiting better growth than non-PGPR-treated plants.

			Table 4: Average stem diameter (cm), plant fresh weight (g), and plant dry weight (g) of oil palm seedlings at 98 DAP
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							Stem diameter (cm)

						
							
							Fresh plant weight (g)

						
							
							Dry plant weight (g)

						
					

					
							
							P0 (Control)

						
							
							5.42ab

						
							
							4.09ab

						
							
							0.62ab

						
					

					
							
							P1 (10 ml.L-1)

						
							
							5.75a

						
							
							4.52a

						
							
							0.67ab

						
					

					
							
							P2 (20 ml.L-1)

						
							
							5.99a

						
							
							4.52a

						
							
							0.82a

						
					

					
							
							P3 (30 ml.L-1)

						
							
							4.74b

						
							
							3.57b

						
							
							0.51b

						
					

					
							
							LSD0,05

						
							
							0.74

						
							
							0.73

						
							
							0.20

						
					

				
			

			Note: Mean values followed by different letters indicate significant differences between treatments in the LSD test at p < 0.05.

			Stem diameter, Fresh plant weight, and dry plant weight

			Table 4 presents the analysis of average stem diameter, fresh weight, and dry weight of plants at 98 days after planting (DAP), using compost enriched with Trichoderma and different doses of Plant Growth-Promoting Rhizobacteria (PGPR).

			Table 4 shows that the best average stem diameter growth and the best dry weight of plants were shown 

			[image: ]

			Figure 5: Average stem diameter, fresh weight, and dry weight of oil palm seedlings at 98 DAP.

			by the treatment with a PGPR dose of 20 mL L-1 (P2), which was 5,99 cm and 0,82 g, which was not significantly different from the control treatment (P0) and a dose of 10 mL L-1 (P1), but significantly different from a dose of 30 mL L-1 (P3). As for the fresh weight parameter of plants, the best doses were shown by 10 mL L-1 (P1) and 20 mL L-1 (P2) with the same average fresh weight value of plants, which was 4,52 g, which was not significantly different from the control treatment (P0) and a dose of 10 mL L-1 (P1), but significantly different from a dose of 30 mL L-1 (P3). 

			Figure 5 illustrates the association between sctructural growth (stem diameter) and biomass accumulation (fresh and dry weight) of oil palm seedlings at 98 days after planting (DAP). In plant growth studies, these variables are physiologically interrelated-stem diameter generally reflects the plant’s ability to transport water and assimilates, which directly contributes to biomass formation. The regression analysis (Figure 5) reveals a strong positive linear relationship between stem diameter and biomass parameters (fresh and dry weight) of oil palm seedlings at 98 DAP. Stem diameter accounts for a substantial proportion of the variation in fresh weight, as indicated by the high coefficient of determination (R2), indicating that thicker stems are consistently associated with greater water and nutrient storage capacity, thus increasing total biomass accumulation. Similarly, dry weight shows a significant positive correlation with stem diameter, reflecting the structural and physiological resilience of seedlings with larger diameters. The regression slope indicates that increases in stem diameter result in proportional gains in fresh and dry biomass.

			The stem is an area of accumulation of plant growth, especially in younger plants. The presence of more nutrients can encourage vegetative plant growth, including the formation of chlorophyll, which in turn provides a measure of increasing stem diameter (Widiyanto et al., 2024). Sufficient phosphorus and potassium nutrient content at a PGPR treatment dose of 20 mL L-1 (P2) affects stem diameter growth. This is in line with Hapsoh et al. (2020), which states that phosphorus and potassium elements play a crucial role in enlarging the diameter of plant stems, particularly in their function as connecting tissue between roots and leaves during the process of nutrient absorption.

			The administration of PGPR doses that cause an increase in both fresh and dry weight of plants indicates that PGPR plays a role in enhancing the growth of oil palm seedlings. Astuti et al. (2023) explained that dry weight indicates an increase in oil palm seedling biomass. Biomass is formed through photosynthesis and respiration, which are sources of carbon frameworks that comprise organic compounds. The increase in dry weight indicates an increase in effective photosynthesis and respiration capacity, resulting in an increase in the organic material that makes up the plant body. Several research studies also report an increase in both fresh and dry weight of plants with the increase in PGPR treatment dose (Astuti et al., 2023; Abidin et al., 2025; Ambata et al., 2025).

			Conclusions and Recommendations

			The highest compost temperature resulting from the PGPR treatment was achieved with 20 mL L-1, while the optimum compost pH was obtained with 10 mL L-1. The 20 mL L-1 treatment produced the best results, particularly in terms of C-organic content (18.31%) and C/N ratio (19%). The highest nitrogen and phosphorus nutrient contents were observed in the 20 mL L-1 PGPR concentration treatment at 0.95% and 3.41%, respectively. The highest potassium content was shown by the 30 mL L-1 PGPR concentration treatment at 2.86%. The best total macronutrient content of the oil palm frond and banana stem compost was obtained from the 20 mL L-1 PGPR treatment (7.14). Palm frond and banana stem compost fertilizer enriched with 20 mL L-1 PGPR gave the best results for plant height growth at 70 DAP (12.64 cm), with a concentration of 10 mL L-1 at 84 and 98 DAP (17.15 and 29.46 cm). The oil palm seedlings that had the most leaves, the largest stem diameter, and the best fresh and dry weight at the end of the experiment were those treated with oil palm frond compost. Banana stems with a PGPR concentration of 20 mL L-1, which each amounted to 2.7 leaves, 5.99 cm, 4.52 g, and 0.82 g.
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Decomposition of Palm Fronds (Elaeis guineensis) and Banana Stems

Enrichedwith Trichodermaand Plant Growth Promoting Rhizobacteria
(PGPR) Applied to Palm Seedlings

Kafrawi Kafrawi'*, Zahraeni Kumalawati’, Sri Muliani, Darmawan Darmawan’® and Muh. D zulkifly Ashan*

lDepartment of Agricultural Production Technology, 2Pan gkep State Polytechnic of Agriculture, Indonesia.

Abstract | Palm fronds and banana stems are lignocellulosic residues that decompose slowly due to their
high lignin and cellulose content. Accelerated composting using Trichoderma harzianum and plant growth-
promoting rhizobacteria (PGPR) offers a sustainable method to convert this biomass into nutrient-rich
compost. This study aimed to obtain 7richoderma-enriched compost from palm fronds and banana stems
and to determine the optimal PGPR concentration for promoting the growth of oil palm seedlings in the
pre-nursery. Preliminary research identified the type of Trichoderma tungus to be used and then paired with
PGPR concentration treatments (P) to make compost. Furthermore, field experiments was conducted in an
oil palm nursery to observe the effect of compost on the growth of oil palm seedlings, using a randomized
complete block design (RCBD) with four PGPR dosage treatments (P): Control/0 mL L™ (P0), 10 mL
L' (P1),20 mL L™ (P2) and 30 mL L (P3). The experimental results showed that the 20 mL. L' PGPR
treatment achieved the highest compost temperature (39 C), optimal C-organic content (18.31%) and the
C/N ratio (19%), with improved nitrogen (0,95%), and phosphorus (3.41%). The highest potassium content
was shown by the PGPR 30 mL L™ treatment, at only 2.86%. The best total macronutrient content in
the palm frond and banana stem compost was obtained from the PGPR 20 mL L treatment at 7.14%.
Compost enriched with PGPR 20 mL L™ produced the best results for plant height growth at 70 DAP
(12.64 cm), while PGPR 10 mL L produced the best results at 84 DAP (17.15 cm) and 98 DAP (29.46 cm).
Compost enriched with PGPR also improved stem diameter, number of leaves, fresh weight, and dry weight
of seedlings. It is therefore recommended to apply PGPR-enriched compost at 20 mL L' to enhance organic
waste decomposition and early growth performance of oil palm seedlings.
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Introduction low and stable price, it is also used in various types of
food, cosmetics, and renewable energy sources, such

Palm oil is one of the most widely consumed and ~ as biofuels and biodiesel. Indonesia had a total oil
produced vegetable oils globally. In addition to its  palm area of 16.83 million hectares, with smallholders
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