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Influence of seaweed extract on the amount of phosphorus fertilizer for onion production 

Abstract
Phosphorus (P) is an essential nutrient for onion (Allium cepa L.) growth and bulb formation; however, its low use efficiency due to soil fixation processes often leads to excessive fertilizer application, increasing production costs and environmental risks. This study investigated the potential of seaweed extract (SE) derived from Ascophyllum nodosum to reduce phosphorus fertilizer requirements in winter onion production while maintaining or improving growth, yield, and quality. A field experiment was conducted at the Horticultural Farm of Sher-e-Bangla Agricultural University, Dhaka, Bangladesh, during November 2024–March 2025 using a randomized complete block design with six treatments and six replications. Treatments comprised T₁ (100% recommended NPK dose, control), T₂ (90% P + 1 L ha⁻¹ SE), T₃ (80% P + 2 L ha⁻¹ SE), T₄ (70% P + 3 L ha⁻¹ SE), T₅ (60% P + 4 L ha⁻¹ SE), and T₆ (50% P + 5 L ha⁻¹ SE). Results demonstrated that treatment T₃ consistently outperformed all other treatments, recording the highest plant height (62.30 cm at 90 DAT), leaf number (6.60 at 90 DAT), pseudostem diameter (1.66 cm at 90 DAT), chlorophyll content (64.03 SPAD), individual bulb weight (69.5 g), and total yield (20.85 t ha⁻¹). Furthermore, T₃ produced superior bulb quality attributes, including vitamin C (5.49 mg 100 g⁻¹), total phenol content (6.26 mg g⁻¹), total chlorophyll (1.97 mg g⁻¹), and enhanced mineral composition (Na 1.59%, K 2.22%, S 1.24%). The lowest values for all parameters were observed in T₆. These findings indicate that integrating seaweed extract at 2 L ha⁻¹ with 80% of the recommended phosphorus dose (T₃) effectively compensates for reduced phosphorus input by improving nutrient use efficiency, photosynthetic capacity, and physiological performance. This sustainable approach reduces dependence on chemical fertilizers, lowers production costs, and minimizes environmental impacts while enhancing both productivity and nutritional quality of onion. Further research is recommended across different agro-ecological zones and onion varieties to validate these findings.
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1. Introduction
Onion (Allium cepa L.) is one of the most important vegetable crops cultivated worldwide, valued for its culinary uses, nutritional attributes, and economic significance (Chakraborty et al., 2022). Globally, onion is grown across diverse agroecological regions, with substantial production concentrated in Asia, particularly in countries such as China, India, and Bangladesh (Akter et al., 2023). Onion bulbs are rich in carbohydrates, vitamins (especially vitamin C), minerals, and bioactive compounds such as flavonoids and sulfur-containing compounds, which contribute to their antioxidant and therapeutic properties (Muscolo et al.,2025). In Bangladesh, winter onion production plays a crucial role in ensuring year-round supply and stabilizing market prices, yet productivity often remains below potential due to suboptimal nutrient management and soil fertility constraints (Akter et al., 2023).
Soil fertility depletion has emerged as a major challenge for sustainable onion production (Buckland et al., 2013). Continuous cropping, intensive land use, imbalanced fertilizer application, and limited organic matter incorporation have led to declining soil health and nutrient availability (Alam et al.,2024). Among essential nutrients, phosphorus (P) is particularly critical for onion growth, as it regulates root development, energy transfer, and bulb formation (Hasan et al., 2016). However, phosphorus use efficiency in soils is generally low due to fixation processes, especially in calcareous and acidic soils, where applied phosphorus becomes unavailable to plants (Johan et al.,2021). Consequently, farmers often apply excessive phosphorus fertilizers to compensate for these losses, leading to increased production costs and environmental concerns, including eutrophication and soil nutrient imbalance (Liang et al.,2021).
The reliance on inorganic fertilizers for enhancing crop productivity has significantly increased over the past decades (Asadu et al.,2024). While chemical fertilizers provide readily available nutrients and immediate crop response, their excessive and indiscriminate use has resulted in adverse effects on soil physicochemical properties, microbial diversity, and long-term soil fertility (Fu et al.,2023). Moreover, the rising cost and limited availability of phosphorus fertilizers, derived from non-renewable phosphate rock reserves, pose additional challenges for sustainable agriculture (Ogwu et al 2025). These concerns have prompted researchers and agronomists to explore alternative strategies that can improve nutrient use efficiency while reducing dependence on chemical fertilizers.
In this context, biostimulants have gained considerable attention as sustainable inputs for crop production (Meena et al.,2025). Among them, seaweed extracts have emerged as a promising tool due to their multifaceted effects on plant growth and soil health (Rabhi et al.,2025). Seaweeds are marine macroalgae naturally abundant in coastal ecosystems and have been traditionally used in agriculture as organic amendments (Benita et al.,2025). The transformation of seaweed biomass into liquid extracts or formulations allows their efficient application in modern agricultural systems (Ali et al.,2021). Commonly used seaweed species for commercial extract production include Ascophyllum nodosum, Kappaphycus alvarezii, and Sargassum, among others (Rabhi et al.,2025).
Seaweed extracts contain a wide range of bioactive compounds, including plant growth regulators such as auxins, cytokinins, and gibberellins, as well as amino acids, vitamins, polysaccharides, and essential macro- and micronutrients (Singh et al.,2025). These compounds collectively enhance plant physiological processes, including photosynthesis, nutrient uptake, enzyme activity, and stress tolerance. Importantly, seaweed extracts are known to improve root architecture, which plays a vital role in increasing phosphorus acquisition from soil (Ali et al.,2021). Additionally, certain organic acids and chelating agents present in seaweed extracts can mobilize fixed phosphorus, thereby enhancing its availability to plants (Yasmeen et al.,2025).
The application of seaweed extracts has been reported to improve crop performance under various environmental conditions by enhancing tolerance to abiotic stresses such as drought, salinity, and temperature extremes (Chen et al.,2023). In onion cultivation, improved vegetative growth, bulb size, and yield have been associated with seaweed extract application through foliar spray, soil drenching, or seed treatment (Ali et al.,2021). Furthermore, seaweed extracts contribute to improved soil structure and microbial activity, which indirectly support nutrient cycling and availability (Yasmeen et al.,2025).
A growing body of research suggests that integrating seaweed extracts with reduced rates of chemical fertilizers can maintain or even enhance crop productivity while minimizing environmental impacts (Singh et al.,2025). Specifically, the potential of seaweed extracts to improve phosphorus use efficiency offers a viable approach to reducing phosphorus fertilizer inputs without compromising yield (Ali et al.,2021).. This strategy aligns with the principles of sustainable agriculture, which emphasize resource efficiency, environmental protection, and economic viability.
Despite the recognized benefits of seaweed extracts, their role in reducing phosphorus fertilizer requirements in winter onion production remains insufficiently explored, particularly under the agro-climatic conditions of Bangladesh. Moreover, the effectiveness of different application methods and optimal integration with phosphorus fertilization strategies require systematic investigation.
Therefore, the present study aims to evaluate the influence of seaweed extract on reducing phosphorus fertilizer requirements for winter onion production. The study focuses on assessing growth performance, yield attributes, and nutrient use efficiency under varying phosphorus levels combined with seaweed extract application. The findings are expected to contribute to the development of sustainable nutrient management practices that enhance onion productivity while reducing reliance on chemical fertilizers.
2. Materials and Methods
2.1 Experimental site and soil characteristics
The field experiment was conducted during the summer season November, 2024–March, 2025 at the Horticultural Farm of Sher-e-Bangla Agricultural University, Dhaka, Bangladesh (23°46′ N latitude, 90°22′ E longitude; elevation ≈ 8 m above sea level). The site is located within Agro-Ecological Zone (AEZ) 28 and is characterized by a subtropical monsoon climate with high temperature and humidity during the cropping period.
Prior to transplanting, composite soil samples were collected from the plough layer (0–20 cm depth), air-dried, ground, and passed through a 2 mm sieve. Soil physicochemical properties were determined following standard analytical procedures. Soil texture was analyzed using the hydrometer method (Bouyoucos, 1962); pH was measured in a 1:2.5 soil–water suspension (Jackson, 1973); organic matter was determined by the Walkley–Black method (Walkley and Black, 1934); total nitrogen by the Kjeldahl digestion method (Bremner and Mulvaney, 1982); available phosphorus by the Olsen method (Olsen et al., 1954); exchangeable potassium using ammonium acetate extraction (Black, 1965); and available sulfur by the turbidimetric method (Chesnin and Yien, 1951). The initial soil characteristics are presented in Table 1.
           Table 1.Physical and chemical properties of the initial soil (0-20 cm depth)
       
	Characteristics
		Value

	Mechanical fractions:
	% Sand (2.0-0.02 mm)
	% Silt (0.02-0.002 mm)
	% Clay (<0.002 mm)
	
18.60
45.40
36.00

	Textural class
	Silty Clay Loam

	pH (1: 2.5 soil- water)
	6.8

	Organic Matter (%)
	1.38

	Total N (%)
	0.06

	Available P (mg kg-1)
	19.85

	Exchangeable K (meq/100 g)
	0.12

	Available S (mg kg-1)
	14.40


2.2 Plant material and nursery management
Seeds of onion (Allium cepa L.) cv. ‘BARI Piaz-5’ were collected from the Bangladesh Agricultural Research Institute (BARI), Gazipur. Seeds were sown in well-prepared nursery beds, and standard nursery management practices, including irrigation and manual weeding, were followed (Rashid, 1999). Thirty-five-day-old healthy and uniform seedlings were transplanted into the main field.
2.3 Experimental design and treatments
The experiment was laid out in a randomized complete block design (RCBD) with six treatments and six replications following standard experimental design procedures (Gomez and Gomez, 1984). Each experimental plot measured 1 m × 1 m, and buffer zones were maintained between plots and blocks to minimize nutrient interference. Seedlings were transplanted at a spacing of 20 cm between rows and 10 cm between plants.
The treatments consisted of reduced phosphorus levels combined with graded doses of seaweed extract as follows:
I. T₁: 100% recommended NPK dose (control) 
II. T₂: 90% recommended P + 1 L ha⁻¹ seaweed extract 
III. T₃: 80% recommended P + 2 L ha⁻¹ seaweed extract 
IV. T₄: 70% recommended P + 3 L ha⁻¹ seaweed extract 
V. T₅: 60% recommended P + 4 L ha⁻¹ seaweed extract 
VI. T₆: 50% recommended P + 5 L ha⁻¹ seaweed extract 
The recommended fertilizer dose for onion was 240–260–150 kg N–P₂O₅–K₂O ha⁻¹. Nitrogen was applied as urea in three splits: 1/3 at transplanting, 2/3 urea in equal splits at 25 days after transplanting (DAT), and 50 DAT. Potash was applied MOP in three splits: at 1/2at  transplanting, 1/2 MOP in equal splits at 25 days after transplanting (DAT), and 50 DAT.Phosphorus (as triple superphosphate) and cow dung 5 ton/ha were applied as basal doses during final land preparation (BARI,2019).
2.4 Seaweed extract application
A commercial seaweed extract (BIOVITA Liquid), derived from the marine algae Ascophyllum nodosum, was used as a biostimulant. The extract was applied as a foliar spray at treatment-specific doses.
The required amount of seaweed extract was diluted in water and applied uniformly using a hand sprayer. Foliar applications were carried out at 20, 40, and 60 DAT during the early morning to ensure optimal absorption. A spray volume of approximately 500 L ha⁻¹ was maintained for uniform coverage (Craigie, 2011).
2.5 Crop management practices
Standard agronomic practices were followed uniformly across all treatments, including irrigation, weeding, and plant protection measures (Rashid, 1999). Irrigation was applied as needed to maintain optimal soil moisture. Manual weeding was conducted regularly, and no severe pest or disease incidence was observed during the experiment.
2.6 Data collection
2.6.1 Growth, physiological, and yield measurements
Five plants were randomly selected from each plot and tagged for periodic observations. Plant height and number of leaves per plant were recorded at 30, 60, and 90 DAT following standard agronomic measurement procedures (Gomez and Gomez, 1984).
Pseudostem diameter was measured using a digital caliper. Leaf chlorophyll content was recorded at 90 DAT using a SPAD-502 Plus chlorophyll meter (Minolta, 1989).
At physiological maturity, bulbs were harvested from the central rows. Individual bulb weight and total yield per plot were recorded, and yield per hectare was calculated using standard conversion procedures (Gomez and Gomez, 1984).
2.6.2 Quality and biochemical analysis
Total soluble solids (TSS) were measured using a digital refractometer (AOAC, 2019). Moisture content was determined by oven drying at 70°C to constant weight (AOAC, 2019). Bulb pH was measured using a digital pH meter.
Vitamin C content was determined by titration with 2,6-dichlorophenolindophenol (AOAC, 2019). Total phenolic content was estimated using the Folin–Ciocalteu method (Singleton et al., 1999).
Mineral composition was analyzed using standard procedures: nitrogen by the Kjeldahl method (Bremner and Mulvaney, 1982), potassium and sodium by flame photometry (Black, 1965), and sulfur by the turbidimetric method (Chesnin and Yien, 1951). Proximate composition was determined following AOAC methods (AOAC, 2019).
2.7 Statistical analysis
Data were subjected to analysis of variance (ANOVA) appropriate for RCBD (Gomez and Gomez, 1984) using R software (version 4.4.1). Assumptions of normality and homogeneity were verified prior to analysis. Treatment means were compared using LSD test at the 5% level of significance (Steel and Torrie, 1980). The coefficient of variation (CV%) was calculated to assess experimental precision.
3. Result:
3.1 Effect on growth attributes
Growth parameters, including plant height (PH) and leaf number (LN), were significantly affected by different treatment combinations (Table 2). At all growth stages (30, 60, and 90 DAT), the highest plant height was recorded in treatment T3, with values of 30.58 cm, 49.94 cm, and 62.30 cm, respectively. These values were significantly higher than all other treatments, indicating a strong positive effect of seaweed extract combined with reduced phosphorus.
Similarly, leaf number followed the same trend, where T3 produced the highest number of leaves at 30, 60, and 90 DAT (3.83, 5.57, and 6.60, respectively). In contrast, the lowest values for both plant height and leaf number were observed in T6, which likely represents the lowest nutrient input treatment.
The enhanced vegetative growth in T3 suggests that seaweed extract improved nutrient uptake efficiency and stimulated plant growth processes, even under reduced phosphorus conditions.
3.2 Physiological traits and chlorophyll content
Significant variation was observed in physiological parameters (Table 2) such as pseudo stem diameter (PD) and chlorophyll content (SPAD). Treatment T3 recorded the highest pseudo stem diameter at both 60 DAT (0.83 cm) and 90 DAT (1.66 cm), which was significantly superior to other treatments.
Chlorophyll content (SPAD value) at 90 DAT was also maximized in T3 (64.03), followed by T1 and T2, whereas the lowest value was recorded in T6 (49.39). The increase in chlorophyll content indicates improved photosynthetic capacity, likely due to enhanced nutrient availability and hormonal activity induced by seaweed extract.
3.3 Yield and yield components
Yield and its contributing traits were significantly influenced by the treatments (Table 2). The highest individual bulb weight (69.5 g) and total yield (20.85 t ha⁻¹) were recorded in T3, which was statistically superior to all other treatments. This was followed by T1, while T6 produced the lowest yield (16.20 t ha⁻¹).
These results clearly indicate that the integration of seaweed extract with reduced phosphorus fertilization can enhance yield and bulb quality, potentially compensating for lower phosphorus inputs.








Table 2. Physiological traits, yield, and yield components of onion as affected by seaweed extract under reduced phosphorus fertilization.

	Treatment
	PH30
	PH60
	PH90
	LN30
	LN60
	LN90
	PD60
	PD90
	SPAD90
	IBW
	Yield

	T1
	28.3 ± 0.33 bc
	46.4 ± 0.82 bc
	60.22 ± 0.8 bc
	3.47 ± 0.1 cd
	5.27 ± 0.06 c
	6.23 ± 0.05 bc
	0.74 ± 0.01 b
	1.51 ± 0.03 b
	57.3 ± 1.39 b
	65 ± 1.29 b
	19.5 ± 0.25 b

	T2
	27.66 ± 0.33 b
	46.17 ± 0.82 b
	57.81 ± 0.8 a
	3.13 ± 0.1 b
	5.07 ± 0.06 b
	6.17 ± 0.05 b
	0.74 ± 0.01 b
	1.5 ± 0.03 b
	56.73 ± 1.39 b
	63.33 ± 1.29 b
	18.99 ± 0.25 c

	T3
	30.58 ± 0.33 a
	49.94 ± 0.82 a
	62.3 ± 0.8 a
	3.83 ± 0.1 a
	5.57 ± 0.06 a
	6.6 ± 0.05 a
	0.83 ± 0.01 a
	1.66 ± 0.03 a
	64.03 ± 1.39 a
	69.5 ± 1.29 a
	20.85 ± 0.25 a

	T4
	27.23 ± 0.33 cd
	44.63 ± 0.82 cd
	56.76 ± 0.8 bc
	3.3 ± 0.1 de
	5.03 ± 0.06 d
	6.07 ± 0.05 d
	0.7 ± 0.01 bc
	1.42 ± 0.03 bc
	53.93 ± 1.39 bc
	57.67 ± 1.29 c
	17.30 ± 0.25 bc

	T5
	27.02 ± 0.33 cd
	43.64 ± 0.82 b
	55.61 ± 0.8 b
	2.9± 0.1 bc
	4.87 ± 0.06 cd
	5.87 ± 0.05 c
	0.67 ± 0.01 c
	1.41 ± 0.03 bc
	51.83 ± 1.39 cd
	54.33 ± 1.29 c
	16.29 ± 0.25 d

	T6
	26.64 ± 0.33 d
	41.91 ± 0.82 d
	55.08 ± 0.8 c
	2.83 ± 0.1 e
	4.63 ± 0.06 e
	5.8 ± 0.05 d
	0.62 ± 0.01 d
	1.35 ± 0.03 c
	49.39 ± 1.39 d
	54 ± 1.29 c
	16.20 ± 0.25 e



Effect of treatment combinations on pseudostem diameter (PD), chlorophyll content (SPAD), individual bulb weight (IBW), and yield (t ha⁻¹). Values are expressed as mean ± standard error. Different letters within a column indicate significant differences at P ≤ 0.05.


3.4 Quality attributes of onion bulbs
Quality parameters including moisture content (MC), total soluble solids (TSS), pH, vitamin C, total phenol content, total chlorophyll (Tc), and were significantly affected by treatments (Table 3). Treatment T3 consistently produced superior quality attributes, recording the highest values for moisture content (76.26 %),  total soluble solids (12.91°Brix), vitamin C (5.49 mg 100 g⁻¹), phenol content (6.26 mg g⁻¹), total chlorophyll (1.97 mg g⁻¹), 
Bulb pH values ranged from 5.88 to 6.04, with T3 showing the highest value, though differences were relatively small. The improvement in biochemical quality under T3 indicates that seaweed extract not only enhances growth and yield but also improves the nutritional and functional quality of onion bulbs.
Table 3. Quality attributes of onion bulbs under reduced phosphorus fertilization with seaweed extract application.
	Treatment
	MC
	TSS
	pH
	Vit.C
	Phenol
	TC

	T1
	80.08 ± 0.67 a
	12.78 ± 0.14 a
	6.02 ± 0.03 ab
	5.36 ± 0.05 a
	6.04 ± 0.18 a
	1.85 ± 0.02 b

	T2
	82.28 ± 0.67 b
	12.07 ± 0.14 b
	6.02 ± 0.03 ab
	5.17 ± 0.05 b
	5.06 ± 0.18 bc
	1.77 ± 0.02 c

	T3
	76.26 ± 0.67 a
	12.91 ± 0.14 a
	6.04 ± 0.03 a
	5.49 ± 0.05 a
	6.26 ± 0.18 a
	1.97 ± 0.02 a

	T4
	83.01 ± 0.67 b
	12.05 ± 0.14 b
	6.02 ± 0.03 ab
	5.12 ± 0.05 b
	5.42 ± 0.18 b
	1.77 ± 0.02 c

	T5
	85.16 ± 0.67 c
	11.69 ± 0.14 b
	5.95 ± 0.03 bc
	4.94 ± 0.05 c
	4.74 ± 0.18 c
	1.68 ± 0.02 d

	T6
	86.55 ± 0.67 d
	11.17 ± 0.14 c
	5.88 ± 0.03 c
	4.66 ± 0.05 d
	4.71± 0.18 c
	1.64 ± 0.02 d



Effect of treatments on moisture content (MC), total soluble solids (TSS), pH, vitamin C, total phenol content and total chlorophyll (TC). Values are presented as mean ± standard error. Means followed by different letters are significantly different at P ≤ 0.05 according to LSD test.
3.5 Mineral composition and proximate analysis
Significant differences were also observed in mineral composition and proximate constituents (Table 4). Treatment T3 recorded the highest sodium (1.59 %) potassium (2.22%), sulfur (1.24%), ash (0.68%), protein (2.12%), carbohydrate (8.40%), and crude fiber (0.83%) contents.
In contrast, the lowest values for these parameters were consistently observed in T6, indicating the importance of adequate nutrient supply. Treatments T1 and T2 showed intermediate performance, suggesting partial benefits of seaweed extract and phosphorus interaction.
The enhanced mineral accumulation and proximate composition in T3 demonstrate improved nutrient uptake and metabolic activity, likely driven by the synergistic effects of seaweed-derived bioactive compounds and optimized phosphorus availability.
Table 4. Mineral composition and proximate analysis of onion bulbs as influenced by seaweed extract and reduced phosphorus fertilization.
	Treatment
	Na
	K
	S
	ash
	protein
	CHO
	CF

	T1
	1.53 ± 0.01 b
	2.02 ± 0.04 bc
	1.11 ± 0.04 b
	0.61 ± 0.01 c
	1.73 ± 0.08 bc
	7.77 ± 0.1 bc
	0.77 ± 0.01 b

	T2
	1.51 ± 0.01 b
	1.98 ± 0.04 b
	1.03 ± 0.04 bc
	0.57 ± 0.01 b
	1.57 ± 0.08 b
	7.58 ± 0.1 b
	0.76 ± 0.01 b

	T3
	1.59 ± 0.01 a
	2.22 ± 0.04 a
	1.24 ± 0.04 a
	0.68 ± 0.01 a
	2.12 ± 0.08 a
	8.4 ± 0.1 a
	0.83 ± 0.01 a

	T4
	1.49 ± 0.01 b
	1.89 ± 0.04 cd
	1.01 ± 0.04 bc
	0.57 ± 0.01 c
	1.49 ± 0.08 c
	7.32 ± 0.1 c
	0.71 ± 0.01 c

	T5
	1.43 ± 0.01 c
	1.85 ± 0.04 d
	0.96 ± 0.04 c
	0.57 ± 0.01 c
	1.43 ± 0.08 c
	7.32 ± 0.1 c
	0.67 ± 0.01 d

	T6
	1.4 ± 0.01 c
	1.81 ± 0.04 d
	0.94 ± 0.04 c
	0.48 ± 0.01 d
	1.37 ± 0.08 c
	6.85 ± 0.1 d
	0.65 ± 0.01 d



Effect of treatments on sodium (Na),potassium (K), sulfur (S), ash, protein, carbohydrate (CHO), and crude fiber (CF) content. Values are expressed as mean ± standard error. Means within a column sharing different letters differ significantly at P ≤ 0.05.
3.6 Overall treatment performance
Across all measured parameters, treatment T3 consistently outperformed other treatments, indicating that the combined application of seaweed extract with reduced phosphorus fertilization was the most effective strategy. The results suggest that phosphorus fertilizer input can be reduced without compromising growth, yield, or quality when supplemented with seaweed extract.
This finding highlights the potential of seaweed-based biostimulants as a sustainable approach to improving nutrient use efficiency and reducing reliance on chemical fertilizers in onion production systems.
4. Discussion 
[bookmark: _GoBack]4.1 Effects of seaweed extract on onion growth and yield 
The present study demonstrated that seaweed extract (SE) significantly enhanced the growth and yield of onion (Allium cepa L.) under reduced phosphorus fertilization. The consistent superiority of treatment T3 across growth stages indicates that SE can effectively compensate for lower phosphorus input. Increased plant height, leaf number, and pseudostem diameter suggest improved vegetative vigor, which ultimately translated into higher bulb weight and yield.
The observed yield improvement in T3 compared to other treatments indicates that the combined application of SE with reduced phosphorus creates a favorable physiological environment for crop growth. This improvement is likely linked to enhanced nutrient acquisition and internal nutrient utilization efficiency, which allowed the crop to maintain high productivity despite reduced phosphorus supply.
4.2 Enhancement of physiological performance and photosynthetic capacity
The significant increase in chlorophyll content (SPAD values) under SE-treated conditions indicates improved photosynthetic efficiency (Kim et al.,2024). Higher chlorophyll content is directly associated with increased light absorption and carbon assimilation, which supports better biomass accumulation and bulb development (Azizi et al.,2025).
The increase in pseudostem diameter further reflects improved plant structural development and assimilate transport capacity (Martínez et al.,2025). These physiological improvements suggest that seaweeds enhances the plant’s ability to utilize available resources more efficiently, particularly under nutrient-limited conditions (Abdelkader et al.,2025).
4.3 Improvement of phosphorus use efficiency
One of the most important findings of this study is the ability of SE to improve phosphorus use efficiency. The superior performance of T3 under reduced phosphorus levels indicates that SE facilitated better uptake and utilization of phosphorus from the soil.
This effect may be associated with improved root growth and root system architecture, allowing greater soil exploration and nutrient acquisition. Additionally, SE likely influenced biochemical processes in the rhizosphere that enhanced phosphorus availability (Xu & Li,2023).. As a result, plants were able to maintain optimal growth even with reduced external phosphorus input.
4.4 Effects on bulb quality and biochemical composition
Seaweed extract application significantly improved bulb quality, including vitamin C, phenol content, total chlorophyll, and mineral composition. The highest values observed in T3 indicate that SE not only enhances yield but also improves nutritional and functional quality.
The increase in antioxidant compounds such as phenols and vitamin C suggests enhanced metabolic activity and improved plant health (Kasote et al.,2015). Similarly, higher accumulation of minerals and proximate components (protein, carbohydrate, and fiber) reflects improved nutrient uptake and assimilation (Liang et al.,2023).
These improvements in quality attributes are particularly important for market value and consumer acceptance, indicating that SE application can contribute to both productivity and quality enhancement.
4.5 Integrated effects on growth, yield, and quality
The overall superiority of T3 across all measured parameters suggests a strong synergistic effect between seaweed extract and reduced phosphorus fertilization. The treatment improved vegetative growth, physiological efficiency, yield components, and biochemical quality simultaneously.
This integrated response indicates that seaweeds (SE) acts as a multifunctional input, influencing multiple plant processes including nutrient uptake, photosynthesis, and metabolic activity. Such coordinated improvements are essential for achieving high productivity under reduced chemical fertilizer input (Yasmeen et al.,2025).
4.6 Implications for sustainable nutrient management
The findings of this study highlight the potential of seaweed extract as a sustainable tool for reducing phosphorus fertilizer dependency in onion production. The ability to maintain or increase yield with reduced phosphorus input has important economic and environmental implications.
Reduced phosphorus application can lower production costs and minimize environmental risks associated with nutrient runoff and soil degradation. Therefore, integrating SE into fertilization strategies can contribute to more sustainable and resource-efficient agricultural systems.
5. Conclusion
In this study, the application of seaweed extract (SE) significantly enhanced the growth, physiological performance, yield, and quality of onion (Allium cepa L.) under reduced phosphorus fertilization. SE application improved vegetative growth attributes, including plant height, leaf number, and pseudostem diameter, and promoted higher chlorophyll content, indicating enhanced photosynthetic efficiency. These improvements contributed to increased individual bulb weight and overall yield, demonstrating that SE can effectively compensate for reduced phosphorus input.
The results further showed that SE enhanced nutrient utilization efficiency, particularly phosphorus, as evidenced by improved growth and yield performance under reduced fertilizer conditions. Enhanced mineral accumulation and improved proximate composition (protein, carbohydrate, and crude fiber) indicate that SE also positively influenced nutrient uptake and assimilation processes.
In addition to yield improvement, SE application significantly enhanced bulb quality attributes, including vitamin C, phenol content, and total chlorophyll, suggesting improved nutritional and functional quality. These findings indicate that SE acts as a multifunctional biostimulant, influencing both productivity and quality traits simultaneously.
Among the treatments, T3 consistently produced superior results across all measured parameters, suggesting that the integration of seaweed extract with optimized (reduced) phosphorus fertilization is the most effective strategy for onion production. This approach not only improves crop performance but also reduces dependence on chemical fertilizers.
Based on these findings, it is recommended that seaweed extract be incorporated into onion nutrient management practices, particularly under conditions of limited phosphorus availability. Application at key growth stages can maximize its beneficial effects on plant growth, yield, and quality. Overall, this study provides a strong basis for the use of seaweed extract as a sustainable and efficient tool for improving onion production while reducing phosphorus fertilizer inputs.
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